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Abstract

At the turn of the century, low-grade kaolin clay (LGK) was presented as a widely
available and potential natural resource of supplementary cementitious materials (SCM) for
producing high performance concretes. In using LGK as an SCM, clinker production is reduced,
aiding environmental concerns with associated CO2 emissions. These types of clays have very
heterogeneous mineralogy and microstructural characteristics, causing unique influences on
concrete structural and flow performance, although these influences are not well understood.
This research studies LGK natural to the state of Florida and assesses their potential use as high
performance SCM.
Ten kaolin clays were obtained through a detailed search of the Florida Department of
Environmental Protection database for clay resources. Prior to assessing performance, a multitechnique approach was used to analyze clay mineralogy using X-ray fluorescence (XRF), X-ray
diffraction (XRD), infrared spectroscopy (IR) and thermogravimetric analysis (TGA). The multitechnique approach provided an accurate procedure for assessing LGK mineralogy while
considering structural disorder. Accounting for structural disorder during mineralogical
characterization is almost always overlooked resulting in semi-quantitative results only.
Mineralogical analyses revealed LGK kaolin mineral contents ranging from 70 – 93 wt. %,
indicating Florida kaolin clay poses as a potential resource for the production of SCMs.
The investigation of various LGK calcination temperatures and accompanying clay
mineral transformations are discussed, being that the published literature has focused on that of
ix

highly crystalline and pure clay minerals. Furthermore, assessment of calcined clay reactivity
with ordinary portland cement (OPC) using mortar compressive strength tests are presented to
qualify their strength performance exceeds that noted in ASTM standards. The influence of clay
mineralogy, surface area, porosity and kaolin structural disorder on strength gain is discussed.
However, the compressive strength of mortars was overwhelmingly dependent on clay kaolin
content. All clays tested surpassed ASTM standard specifications and are considered suitable for
use in concrete as Class N (natural) pozzolans.
Flow investigations of high purity calcined kaolin (metakaolin (MK)) clay have revealed
that clay substantially reduces blended cementitious system workability. Yet, there is a lack of
literature detailing the rheological influence of calcined LGK with vastly different chemical and
microstructural properties compared to that of MK. Variations in the material properties of LGK
are expected to significantly influence flow behavior but this has not been addressed. This
research provides necessary scientific knowledge on the rheological influence of LGK
considering their heterogeneous material properties. Knowledge of LGK material properties is
expected to shed insight towards a given clay’s particular influence on rheology, which would
yield invaluable information towards system pump-ability, formwork filling, consolidation and
self-compaction, all of which are vital properties for LGK to be considered for structural
applications.
The effects of calcined LGK on the rheological performance of blended cementitious
systems was investigated using multiple physical, chemical and electro-chemical characterization
techniques. Several material properties were assessed including: clay particle morphology,
specific surface area, porosity, particle size distribution (PSD), mineralogy and colloidal
properties such as packing density, zeta potential and ionic mobility. The blended system yield
x

stress and viscosity were computed using the Bingham fluid model. The findings indicate that
the yield stress and viscosity were significantly affected by the clay kaolin content rather than
particle size distribution, surface area or porosity. However, a unanimous relationship between
the fluid properties of all calcined clay pastes investigated was not predictable with clay kaolin
content alone. The effects of solid particles, present as filler materials, were observed to cause
slight shifts in the rheological performance of blended systems from being a perfect function of
clay kaolin content. It is shown that the zeta potential and ionic mobility of calcined clay paste
linearly relate the to yield stress and viscosity; thus, indicating a direct relationship to the
system’s colloidal stability. Both clay kaolin content as well as the filler content control the zeta
potential of the blended system. Therefore, it is important to assess the zeta potential of the
blends in order to properly understand the rheological performance of LGK blended cementitious
systems.
Accurately analyzing paste rheology, using concentric cylinders and the Reiner-Riwlin
procedure, is commonly overlooked which may lead to biased or erroneous interpretation of the
data. Using this procedure, a linear yield stress model was developed for 20 wt. % LGK blended
cements with or without fine aggregates present. The model inputs are LGK kaolin content and
all solids PSD, which captures any filler effect on the flow of the blended system. The model
offers insight into how a given LGK should be processed, whether ground or separated, and how
much of a particular aggregate and plasticizer is needed to ensure the desired flow performance
of blended cementitious systems containing LGK is attained.

xi

Chapter 1: Introduction

1.1 Portland Cement Concrete
Concrete, composed primarily of cement, fine and coarse aggregates, is the world’s most
useful construction building material being implemented in infrastructures for centuries. As of
2018 roughly 4 billion tons of cement are produced annually. This accounts for nearly 8% of
total global CO2 emissions [1]. These emissions are a direct result of the high temperature (14001600°C) fuel firing of clay, limestone, silica and fluxing agents such as aluminum and iron
oxides to produce the primary ingredient known as cement clinker [2]. In particular, portland
cement is a finely ground inorganic powder composed of clinker and gypsum. Clinker alone is
majorly made of 4 crystalline phases with 2/3 by mass being tricalcium silicate (3CaO∙SiO2)
known as alite or C3S and dicalcium silicate (2CaO∙SiO2) known as belite or C2S. The remaining
1/3 of clinker is composed of tricalcium aluminate (3CaO∙Al2O3) known as C3A, tetracalcium
aluminoferrite known as C4AF (4CaO∙Al2O3∙Fe2O3), and low amounts of impurity minerals and
metal oxides [2]. Upon cement hydration many stable and metastable phases are formed. The
primary binding gel phase which gives rise to cement strength is the poorly crystalline, calcium
silicate hydrate gel (CSH) with varying stoichiometry depending on the ions present during the
hydration of alite and belite. During the formation of CSH, portlandite (Ca(OH)2) is produced in
large quantities and does not contribute significantly to cement strength [2]. C3A and C4AF
hydrate to form various composition calcium aluminate hydrates. However, in the presence of
gypsum these aluminate phases hydrate to form ettringite (6CaO∙Al2O3∙3SO3∙32H2O) and
1

monosulfoaluminate (4CaO∙Al2O3∙SO3∙12H2O) with the possibility of iron substituting
aluminum, or carboaluminate phases such as monocarboaluminate ((CaO)4Al2O3CO2(H2O)11)
and hemicarboaluminate ((CaO)4Al2O3(CO2)0.5(H2O)12) in the presence of limestone (CaCO3) .
1.2 Supplementary Cementitious Materials
Attention to environmental concerns in addition to a desire to produce high performance
concrete, much research has been initiated incorporating supplementary cementitious materials
(SCMs) such as blast furnace slag, fly ash, silica fume, calcined clay, and rice husk among others
in concrete [2]–[7]. These SCMs contribute uniquely to concrete durability and strength
depending on their chemical and physical characteristics. Typically, enhanced performance
properties are a direct result of SCM hydration reactions in addition to that of cement resulting in
a refined pore structure [7]. Additionally, SCM too act as filler materials that provide additional
sites for cement hydrate nucleation and growth, contributing to a reduction in system porosity
and increase in strength [7]. Fly ash is commonly used as an SCM all across the globe [4], [8]–
[11]. However, there are serious concerns with its unsustainable supply given the turn of the
century incentives to reduce coal consumption in the energy sector [12], [13]. Research
performed over the last decade in Argentina, Cuba, India, Iran, Turkey, and many other countries
has revealed the economic, environmental, and performance benefits in using low-grade kaolin
clays (LGK) as well as other clays, such as bentonite, illite, and montmorillonite, for producing a
pozzolanic material for use in concrete production [14]–[24]. In particular, these clays have
kaolin mineral contents as low as 40 wt.% with various mineral impurities [14], [20], [25], [26].
Until these published works, the focus of SCM research incorporating calcined clay has been
tailored towards using high purity kaolin clays, metakaolin (MK) [4], [27], [28]. However, MK
contains >97 wt.% kaolin and is sparsely found across the globe, processing costs are higher than
2

that of clinker and competitive industries heavily exploit these natural resources for a variety of
products, making their use as SCM infeasible [14], [29], [30].
1.3 Low-Grade Kaolin
LGK can be found in a plethora of locations across the globe especially in tropically
weathered topo-sequences and sedimentary deposits [29], [31]. In Florida, LGK are amply
present but are predominantly sold at very low costs for brick manufacturing, road and
construction base materials or mined as overburden during the excavation of sand, limestone,
dolomite and other natural minerals. Images of a high and low-grade kaolin mine are presented
in Figures 1 and 2 respectively.

Figure 1: High-grade kaolin mine

Figure 2: Low-grade kaolin mine
3

1.4 Research Motivation, Objectives and Significance of Work1
In an effort to help mitigate concerns with Florida’s unsustainable fly ash supply, the first
objective of this research is to address the availability of LGK resources across the state of
Florida and some areas in Georgia that may be exploited as potential resources of SCM. These
LGK will be selectively sampled based on their mineralogy from spectroscopic analysis.
The reactivity of calcined LGK with kaolin contents as low as 40 wt.% was mentioned to
show significant influence on cement structural properties. As will be discussed, clay kaolin
content is a dominant factor influencing performance. Thus, experimental quantification of clay
mineralogy is needed for ensuring performance properties are interpreted with accurate material
characteristics. Yet, current research detailing the mineralogical characterization of natural
kaolin clays consider only the presence of the ideal kaolinite mineral (Al2Si2O5(OH)4) out of the
3 common kaolin polymorphs: kaolinite, dickite, and nacrite which makes their analysis semiquantitative at best [15], [24], [32]–[40]. A second objective of this research is to present the
development of a new and accurate mineralogical characterization procedure for LGK,
considering the presence of impurities, kaolin polymorphism and structural disorder prevalent in
natural mines. The characterization techniques employed assess kaolin crystallinity and allow for
the possibility of kaolin polymorph stacking faults while quantitatively assessing mineralogy.
The published literature detailing the mineralogical characterization of calcined kaolin clays for

1

A summary of all authorship and published scientific communications including authored journal articles, national
and international conference presentations and associated proceedings are listed in Appendix A.
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use as SCM overlooks these parameters which provides only a semi-quantitative analysis at best.
The characterization techniques employed in this research allow for the evaluation of the grade
of various clay sources available in Florida in terms of their chemical and mineralogical
composition and amorphous content using X-ray fluorescence (XRF), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA). A first
authored publication covering the scope of the LGK multi-characterization research is published
in the journal of Applied Clay Science and permission for content included in this research has
been shown in Appendix B.1 as supplemental material [41]. This characterization procedure lays
the foundation for meeting subsequent research objectives addressing missing literature detailing
the calcination procedure and ASTM standard compliance of LGK as an SCM. The investigation
of various calcination temperatures and accompanying clay mineral transformations are
discussed, being that the published literature has focused on pure clay minerals and not LGK.
Calcined clay reactivity with ordinary portland cement (OPC) using mortar compressive strength
tests is presented to qualify their strength performance as sufficient for structural applications.
Furthermore, the dominating parameters of clay kaolin content and the nature and content of
impurities including structural disorder on compressive strength data are discussed. This phase of
the research presented was conducted in part of a funded study supported by the Florida
Department of Transportation (FDOT) and published as a report under contract number BDV25977-38 [42].
All published literature addressing the rheological behavior of calcined clay blended
cements have been performed using high-grade MK and not calcined LGK [43]–[52]. Due to the
complexities in assessing the rheological behavior of cementitious systems, discussed further in
this study, these studies commonly do not address the driving mechanisms controlling system
5

flow, but rather solely report the observed experimental behavior. Furthermore, those studies
which do detail the rheological behavior of MK systems do not employ conventional geometries
nor explore any analytical transformation of rheological data such as with the Reiner-Riwlin
procedure discussed later. As will be presented, rheometry equipment and procedures employed
erroneously affect data acquisition if precautions to avoid these errors are not taken. Since the
published literature has neglected these errors during rheology studies conducted on calcined
clay cementitious systems, their results have ambiguity and are to be used for comparative
analysis only [46], [53], [54]. Further research is needed for a more technical and detailed
understanding of calcined clay rheological behavior. Nonetheless, the literature exposes the
negative influence of MK on flow performance of cementitious systems. However, this leaves
the rheological roles of clay mineralogy and the nature and content of impurities not fully
understood. For commercial realization of various LGK as SCMs, their effect on flow
performance, due to specific clay mineralogies and physical characteristics, must be well known.
Since LGK are mined in locations with substantial mineralogical heterogeneity, research with an
emphasis on modelling in this field will provide invaluable insight into the rheological
expectations of cementitious systems using LGK. An objective of this research is to go far
beyond modern rheological studies by addressing experimental, data analysis and modeling
techniques for analyzing and predicting the flow performance of calcined LGK blended cements
based on clay mineralogy, chemical and physical interactions with the cement matrix in its fresh
state.

6

Chapter 2: Literature Review of Low-Grade Kaolin Clay Minerals

2.1 Clay Types
There is some confusion in the cement and concrete literature regarding the distinction
between clays and clay minerals. This is not surprising, as there is currently “no uniform
nomenclature for clay” or clay minerals as pointed out by Bergaya and Lagaly [55]. The
industrial classification of clays provided by [55] separates the clays into four different types
based on their predominant minerals: kaolins, bentonites, palygorskite (attapulgite), sepiolite,
and ‘common clays’. Kaolins are primarily composed of kaolinite. The major minerals in
bentonites are Ca- or Na-montmorillonite. Palygorskite and sepiolite are named after their
respective primary mineral, while ‘common clays’ are typically composed of illite and smectite.
Clays that are typically calcined and used in concrete as supplementary cementitious materials
(SCM) belong to the kaolin group.
Clays belong to a family of minerals called phyllosilicates, which are made up of
tetrahedral silicate sheets and octahedral metal oxide (or hydroxide) sheets [56]. All 1:1 clay
minerals have tetrahedral silicate sheets and octahedral metal oxide sheets that are alternately
stacked on top of each other via hydrogen bonding [56]. In 2:1 clay minerals such as bentonites,
palygorskites and sepiolites, there are two silicate sheets bonded to each face of an octahedral
sheet. Kaolinite, dickite, nacrite, halloysite and livesite are polymorph clay minerals belonging to
the kaolin group, which are 1:1 clays made up of Si-O tetrahedral and Al-O(OH) octahedral
sheets (Figure 3). Although, the kaolinite, dickite and nacrite are most commonly found in
7

natural deposits, together, they form a “composite kaolin layer” with distorted Si-O and Al-O
bond lengths and defects caused by vacant cation sites and possible layer translations with
random shifts [30], [33], [57]–[59].

Blue – Silicon, Silver – Aluminum, Red – Oxygen, Green - Hydrogen
Figure 3: Kaolinite ball and stick model on Crystal Maker [60]
Brigatti et al. stated that the varying degree of disorder “commonly observed in kaolin
minerals may be explained in terms of a series of stacking faults or defects” in the crystal
structure [61]. Additionally, the authors stated that “this feature accounts for the well-known
tendency of kaolin minerals to form a wide variety of ordered and disordered polytypes,” where
several types of polymorph layer stacking can be observed in a given clay. Russel and Fraser as
well as Plancon et al. and Bookin et al. also suggest that disorder could be due to a “small
amount of dickite- and/or nacrite-like stacking in the kaolinite structure” [58], [62], [63].
Dickite- and nacrite-like stacking in poorly crystalline kaolinites has been reported by Prost et al.
based on observed changes in the infrared (IR) spectra of these materials at temperatures ranging
from 5 to 600 K [64]. In addition to stacking faults, the kaolin minerals can have a variable
amount of isomorphous substitution of Al3+ in its crystal structure by Fe3+, Mg2+, Ti4+, and V3+
[61], [65]–[67]. Brindley et al. reported a trend showing the greater the Fe2O3 content in selected
8

Georgia kaolins, the greater structural disorder present in kaolin minerals [68]. Both polymorph
stacking and isomorphic substitutions cause crystalline bond lengths in kaolin minerals to be
stretched with “ab displacements” causing an increase in the degree of unit cell disorder, making
an accurate mineralogical analysis challenging [69]. [70]. It is imperative to note that the
published literature which addresses any quantitative analysis of kaolin clays for use as SCM
only consider the presence of the ideal kaolinite mineral and do not consider any inclusions of
the other kaolin polymorphs which makes their analysis semi-quantitative at best.
2.2 Kaolin Structural Disorder
An important parameter in the clay structure that influences calcined clay reactivity is the
degree of order/disorder of the clay minerals. Tironi et al. [71] and Bich et al. [69] revealed using
calcined kaolin blended mortars that as the structural disorder of kaolin increases, a higher
pozzolanic reactivity and compressive strength results when compared to using a more
crystalline clay of equivalent kaolin content. Although, Tironi et al. [71] indicated higher kaolin
content and structural disorder contribute to cementitious system strength gain at later ages (3-7
days). The authors indicate that structurally disordered kaolin particles have higher surface area
and greater porosity than those which are highly crystalline. This leads to clay particulates being
more accessible for pozzolanic reaction. Yet, it must be emphasized that the overall clay kaolin
content was reported to dictate a given clay’s pozzolanic reactivity [71].
Structural disorder in kaolin clays is typically assessed visually and by using a variety of
numerical crystalline indices from spectroscopic data analysis from XRD and FTIR [59], [69],
[72]–[75]. The crystalline indices are defined using spectroscopic intensities which are sensitive
to random and specific interlayer translations [59]. In particular, XRD crystalline indices
including the commonly used Hinckley Index have been shown to be influenced by the presence
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of other minerals in the sample [59], [76], [77]. Yet the Aparicio-Galan-Ferrell index (AGFI)
(Equation 1) uses XRD “peak-stripping” (Figure 4), making it the least sensitive to minerals
other than those of the kaolin group [59], [76].
AGFI =

IA +IB
2IC

Equation 1

Counts

10000

5000

20

22
24
Position [°2θ] (Copper (Cu))

Figure 4: Example of fitting for AFGI calculation
where IA, IB, and IC are the fitted intensities of the 020, 110, and 111 kaolin mineral reflections
denoted as A, B, and C respectively in Figure 4. AGFI values between 1.25 and 1.6 are
considered low-defect kaolin [59]. Values < 0.9 are considered high-defect kaolin with the
intermediate values being considered medium-defect kaolin [59]. In the case of highly pure
kaolin samples, all published XRD crystalline indices, using different reflections, have been
reported to be well statistically correlated to one another and are established to be in agreement
with the true structural disorder of the clay. This is expected since all indicies proposed have
been derived based on the structural parameters of kaolin minerals [59].
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The literature indicates that infrared (IR) adsorption spectroscopy peak widths and
intensities associated with kaolin minerals are dependent on structural disorder, especially the
characteristic hydroxyl stretching region in the wavenumber range of 3600-3700 cm-1. In
kaolinite, 6 bands are used for identification, with the 3620 and 938 cm−1 bands corresponding to
the isolated OH groups bonded to aluminum and oxygen atoms within the octahedral layer.
Furthermore, the 3700, 3670, and 3650, 916 cm−1 bands are associated with the germinal surface
OH groups which are bonded to the surface of the octahedral layer and are able to form electrostatic hydrogen bonds with an adjacent clay particle’s silica layer [62], [69], [78], [79]. The
polymorphs of kaolinite (dickite and nacrite) both have only 3 IR peaks in the hydroxyl
stretching region of 3600-3700 cm-1. These peaks are slightly shifted and of differing intensities
to that of kaolinite due to alumina vacancies in their octahedral layers resulting in less isolated
hydroxyl bonding [62], [64], [78], [80]. This occurrence may be explained similarly as was the
deformation of XRD spectra caused by structural disorder. The influence of kaolin polytype
stacking faults, as defined previously, makes polymorph differentiation difficult using their IR
hydroxyl stretching region. In fact, Prost et al. [64] reported that separate identification of
disordered kaolin minerals may only be accomplished by exposing kaolin to very low
temperatures, down to 5K. Despite this challenge, the appearance of characteristics IR peaks,
well-defined or broad, and their relative intensities allows for qualitative and semi-quantitative
assessments of structural disorder [69], [75].
Vaculikova et al. [75] proposed a visual criteria for assessment of kaolin disorder.
Samples were considered well-ordered if all kaolinite hydroxyl stretching peaks were clearly
observed, partially ordered if hydroxyl stretching peaks at 3670, 3650, and 938 cm-1 were
observed with low intensity, and poorly ordered if only one hydroxyl stretching peak at 3660 cm11

1

and/or inflections at 3670, 3650, and 938 cm-1 were observed [75]. The authors proposed

crystalline indices, CI1 and CI2, which assign numerical values to these observations [41], [75].
They were defined as ratios of the intensities of mid-IR hydroxyl vibrational absorption modes
(Equations 2 and 3).
I(v )

CI1 = I(v1)

Equation 2

I(v4 )
I(v1 )

Equation 3

3

CI2 =

where I(v1), I(v3) and I(v4) are the intensities of the IR absorption peaks at 3695, 915 and 3620
cm-1, respectively [75]. Depending on the value of these indices for a specific kaolinite IR
spectra, Vaculikova et al. [75] noted each kaolinite again as either poorly ordered (CI1 < 0.7, CI2
> 1.2), partially ordered (0.7 < CI1 < 0.8, 0.9 < CI2 < 1.2) or well ordered (CI1 > 0.8, CI2 < 0.9)
following Neal and Worrall [81].
Bich et al. [69] reported a different set of crystalline indices commonly employed by
other researchers, P0 and P2, which only involve the characteristic kaolin hydroxyl stretching
region between 3600-3700 cm-1 [27], [82]. P0 is defined as the ratio of the IR bands at 3620 and
3700 cm-1, while P2 is the ratio of IR bands at 3670 and 3650 cm-1. Bich et al. note that P0 > 1
and P2 < 1 is indicative of a well-ordered kaolin [69]. Disorder is indicated by the disappearance
of the IR band at 3670 cm-1 and P2 cannot be defined [69]. This set of indices is slightly limited
being that any partially ordered kaolin, determined from other indices, are classified as wellordered. Although the indices reported by Bich et al. [69] generally corroborate those others
defined throughout the literature, the three tear order classifications of the XRD indices and
those proposed by Vaculikova et al. [75] provide a more descriptive character of kaolin order.
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2.3 Mineralogical Challenges with Kaolin Structural Disorder
Although kaolin structural disorder is frequently assessed, its influence on clay
mineralogy is almost always overlooked. One reason for this is the intricacy and complexity that
arise when attempting to identify and quantify kaolin minerals with varying degrees of structural
disorder. As the degree of kaolin disorder increases, peaks observed in the XRD diffraction
patterns become broader and more asymmetrical, making it increasingly challenging to obtain a
good fitting through Rietveld refinement [61]. On top of this, isomorphous substitution for Al3+
in kaolin’s crystal structure by Fe3+, Mg2+, Ti4+, and V3+ affect XRD reflection positions and
intensities, influencing the quantification of this phase [66]. Refinement of Fe3+ substitution in
the kaolinite structure during Rietveld analysis has been previously implemented by Prandel et
al. [65], [66]. The authors pointed out that substitution of Fe3+ for Al3+ results in greater microstrain (ԑ) (Equation 4) between adjacent atoms and average crystallite size (L) (Equation 5) in
kaolinite particles [61], [65]. Both of these observations reveal Fe3+ substitution distorts the unit
cell parameters in kaolin inducing greater structural disorder without changing the overall
crystalline periodicity [61], [65].
ε=
L=

(B2 −b2 )
4tanθ
kλ
√(B2 −b2 )cosθ

Equation 4
Equation 5

where B is the fixed width at half height (FWHM) of the XRD pattern at 2θ, b is the widening of
the diffraction peak given by the FWHM function of a standard sample, k is a constant that
depends on the crystallite geometry, and λ is the X-ray wavelength [65]. All current published
literature on incorporating kaolin clays in cementitious systems only consider the presence of
pure and structurally ordered kaolinite out of all the kaolin group minerals, and most of them do
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not identify the refinement procedures employed [18]–[20], [22], [23], [28], [34], [83]. The
previous works neglect any structural disorder due to stacking faults and/or isomorphous
substitution in kaolin minerals which leads only to a semi-quantitative refinement analysis [84].
Commercial software commonly used in the cement industry for XRD refinement is able to
model isomorphous substitutions in kaolin minerals but cannot model disorder due to the
presence of stacking faults. Plançon et al. have revealed that a combination of all kaolin group
minerals is needed for precise fitting of X-ray diffractograms of disordered kaolin clays [63],
[77].
2.4 Kaolin Clay Calcination
Industrial rotary kilns, as used during cement clinker production, are most commonly
used for the calcination of kaolin clays with production rates as high as 100 metric tons/hr [85].
Fluidized beds and flash calcination units are more efficient units for calcining kaolin clays with
a reduction in residence time to minutes or even seconds. Laboratory calcination processes are
typically carried out using a box furnace. Each calcination unit requires its own operating
conditions for effective dehydroxylation of clay minerals without the recrystallization of ceramic
minerals.
2.5 Calcined Kaolin Clay ASTM Standard Compliance
Calcined clays fall under the Class N classification of ASTM C618 [86]. For this
classification, the standard outlines the following requirements in terms of chemical
composition: a minimum of 70.0% for SiO2+Al2O3+Fe2O3, and a maximum of 4.0% for SO3.
Based on the compositions of various clay minerals reported in the literature, the majority of
calcined clays should be able to satisfy both of these requirements [54], [87]–[94]. In practice,
compliance may depend on the amount of associated minerals in the clay [55], [95]. Typically,
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clays are found together with quartz, carbonates, feldspars, and oxides and hydroxides of
aluminum and iron, which should not affect either of the Class N requirements. Possible noncompliance can result from the presence of sulfate-rich associated minerals, such as such as
pyrite (FeS2) and alunite (KAl3(SO4)2(OH)6) which are commonly reported in natural kaolin clay
deposits [54], [96], [97]. Kakali et al. [96] reported that although alunite decomposes at 500900˚C, “there was detectable sulfate content” after heating to 950˚C. However, the exact amount
of sulfate after calcination was not reported in this study. Although associated minerals are
typically considered non-reactive, Ghorbel and Samet [98] suggested that the presence of Febearing goethite and hematite as clay particle coatings or discrete phases may increase reactivity
of calcined kaolinite up to an Fe2O3 content of 2.7%, above which the authors observed a
decrease in reactivity as measured by compressive strength at 7-90 days.
In terms of physical properties, ASTM C618 [86] specifies a maximum percent retained
on a 45-μm sieve of 34%, a maximum autoclave expansion of 0.8%, a minimum strength activity
index of 75%, a maximum water requirement of 115% and a uniformity specified by a maximum
variation in the measured density of 5%. The current literature does not typically address these
requirements, with the exception of the strength index.
2.6 Transformation of Kaolin Clay Minerals on Heating
Thermal behavior of clays can be divided into 3 general stages: dehydration,
dehydroxylation, and recrystallization [36], [96]. Kakali et al. [96] specify the end of the
dehydration stage occurs at 100˚C, while Mohammed [36] states that it can extend up to 200˚C.
The temperature ranges for the dehydroxylation and recrystallization stages vary depending on
the clay mineralogy. During the dehydration stage, as free water is evaporated, no changes occur
to the clay structure.
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In the dehydroxylation stage, hydroxyl groups are removed from the clay structure
resulting in a collapse of the basal spacing and loss of crystallinity [36], [96], [99]–[101]. This
thermal transformation is responsible for forming the pozzolanic character of clay minerals. The
degree of dehydroxylation (DTG) can be calculated from TGA measurements using the formula
proposed by Rahier et al. [102] (Equation 6):
DTG = 1-m/m0

Equation 6

where m and m0 are residual and maximum mass loss, respectively. Rahier et al. [102] dried the
samples at 250˚C prior to TGA analysis, so the water of dehydration was not considered to be
part of m and m0. In the case of all kaolin minerals, the following transformation occurs during
the dehydroxylation stage [103]:
450−700°𝐶

Al2O3∙2SiO2∙2H2O (kaolin minerals) →

Al2O3∙2SiO2 (metakaolin) + 2H2O (g)

Calcined kaolin obtained after the dehydroxylation stage may be used in concrete as it is
pozzolanic due to the depletion of octahedral coordinated aluminum and formation of penta- and
tetra- coordinated aluminum [36], [96], [99]–[101], [104]. Bich et al. showed that the ratio of the
descending to ascending slopes of the first derivative of the TGA mass loss curve over a time or
temperature interval gives insight into the surface defects present in kaolin [69]. This ratio
quantitatively assesses the rate at which the dehydroxylation rate is changing. The surface
defects refer to the presence of empty hydroxyl ion sites or amorphous content present in kaolin
which is caused by natural formation conditions, the nature and content of kaolin impurities, and
any anthropogenic dehydroxylation operating conditions. Bich et al. state a slope ratio (SR) = 1
and SR > 1 suggest no/little defects and many defects, respectively, assuming no diffusion
limitations are restricting evaporation of structural hydroxyl ions. Furthermore, they revealed
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that the more dehydroxylated a given kaolin, the greater the SR value and presence of surface
defects [69].
Among the clay minerals, calcined kaolinite has been reported to be the most reactive
after dehydroxylation, followed by the other kaolin polymorphs, illite, montmorillonite and other
2:1 clay minerals showing lower reactivity [95]. The high reactivity of calcined kaolinite is most
likely due to the simple and open structure of amorphous oxides formed after removal of
hydroxyl groups from its highly crystalline structure compared to the other clay minerals [87].
The clay minerals with greater structural complexity do not calcine to form as pozzolanic
amorphous oxides. In addition to higher reactivity, the dehydroxylation (calcination) temperature
of pure kaolinite is also lower than that of other clay minerals [36], [105].
Clays exposed to temperatures above the dehydroxylation temperature leads to formation
of crystalline phases (recrystallization stage), which decreases the reactivity of calcined clay.
When metakaolin is heated above 925˚C, spinel forms, which is transformed into mullite above
1050˚C. Above 1200˚C amorphous silica is converted into cristobalite, and the calcined clay
becomes completely crystalline [103]:
925−1050°𝐶

2(Al2O3∙2SiO2) (metakaolin) →

≥1050°𝐶

3(2Al2O3∙3SiO2) (spinel) →

2Al2O3∙3SiO2 (spinel) + SiO2 (amorphous silica)

2(3Al2O3∙2SiO2) (mullite) + 5SiO2 (amorphous silica)
≥1200°𝐶

SiO2 (amorphous silica) →

SiO2 (cristobalite)

Phase transformation of different clay minerals on heating may be followed by
differential thermal analysis (DTA), where temperature changes of a sample of calcined material
upon heating is measured against an inert sample at the same temperatures. Endothermic or
exothermic peaks are generated during phase transformations, crystallization, and melting, which
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occur during specific temperature ranges for each mineral [106]. Both DTA and TGA may be
used to determine the temperature ranges of dehydration, dehydroxylation and recrystallization
of clays.
2.7 Reactivity of Calcined Kaolin Clay
The use of metakaolin (MK) obtained from the calcination of high-purity kaolins has
been shown to be very effective in improving concrete strength and durability [53], [89], [107]–
[113]. However, since deposits of pure kaolin are rare, the cost of metakaolin is as high as that
realized for producing clinker due to additional separation and processing requirements [14].
Recently, there has been a lot of interest in using calcined, naturally occurring clays as
supplementary cementitious materials (SCMs) that could potentially provide for high
performance concrete properties, but at a lower cost. These natural clays have a significantly
lower kaolinite content (lower-grade) compared to the high-grade kaolins used for MK
production, or do not contain any kaolinite, with their pozzolanic properties coming from
calcination of other clay minerals. Prior to discussion of the reactivity of calcined kaolin clays, it
is noted that the literature has reported kaolinite has the highest reactivity and the lowest
calcination temperature compared to other clay minerals [36], [95], [105]. Since LGK is of
interest to this study, the majority of this portion of the literature review has been focused on
parameters that influence the reactivity of natural clay resources containing kaolin.
2.7.1 Kaolin Clay Calcination Effect on Reactivity
Typical clay deposits, including those containing kaolinite, contain differing proportions
of several clay minerals. Since dehydroxylation temperatures for pure clay minerals range from
600-650˚C for kaolinite up to 950˚C for smectite, optimum calcination temperature will be
determined by the specific clay mineralogy [36], [87], [114], [115]. Optimum calcination
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temperature is generally defined as the temperature resulting in the maximum reactivity of the
calcined material. A large number of methods are currently used to assess the reactivity of
calcined clay, including the Chapelle and Frattini tests, using XRD to determine the amount of
amorphous material after calcination, TGA to determine the degree of dehydroxylation, and
compressive strength. For the Chapelle test, 1 g of calcined clay is mixed with 1 g of CH in
water at 100˚C and boiled for 16 hours, after which the remaining free CH is quantified by
“sucrose extraction and titration with a HCl solution” [96]. In the Frattini test, 30% of the
pozzolanic material is mixed with 70% of cement in water. After curing for 7-28 days at 40˚C,
the solution is analyzed for calcium and hydroxide ions to determine the ability of the pozzolan
to remove calcium ions from solution [71]. These tests do not always result in the same optimum
calcination temperatures as determined from XRD analysis of amorphous content; the Chapelle
and Frattini tests reflect only the chemical effect of the calcined material on cement hydration,
while compressive strength originates from both chemical and physical effects.
Pierkes et al. [116] compared the performance of three clays, identified as illitic,
kaolinitic, and chloritic, with 4 different OPCs. Clays were calcined at temperatures ranging
from 800 to 1200˚C, and compressive strengths were compared at 20% cement replacement
levels. The authors concluded that there is little contribution to compressive strength
development from the calcined clays before 7 days, and the effect of calcined clay could only be
observed after this age. As expected, different optimal calcination temperatures were obtained
for each clay, based on compressive strength measurements. Additionally, for the illitic and
kaolinitic clays, which had similar mineralogical compositions (illite/muscovite, kaolinite,
quartz, and feldspar) and differed mainly in their kaolinite content, the optimum calcination
temperature decreased with increasing kaolinite content. It appears that the optimum calcination
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temperature depends not only on the clay minerals present, but also on their relative amounts.
Since it may not be possible to accurately quantify all the clay minerals present in a sample
because crystal structures for a number of clay minerals have not been investigated, it may be
difficult to predict the optimum calcination temperature. Additionally, other parameters, such as
particle size or fineness and degree of order/disorder, have an effect on optimum calcination
temperature [71], [89].
2.7.2 Degree of Kaolin Dehydroxylation Effect on Reactivity
Bich et al. [69] investigated the effect of the degree of dehydroxylation on reactivity of
kaolinite clays. Three clays with kaolinite contents of 75 - 87% were calcined at 650˚C for
variable amounts of time to vary the degree of dehydroxylation, which was calculated from
differential scanning calorimetry (DSC) measurements. Degree of dehydroxylation varied from
50 to 100% among the clay samples. The authors noted that for a clay with a disordered
structure, the time required to achieve complete dehydroxylation was significantly shorter
compared to the clays with a high degree of order (45 min vs. 5 h), so the removal of hydroxyl
ions is significantly easier in a disordered structure. Reactivity of the calcined clays was
measured in terms of lime consumption in pastes prepared with 50% CH and 50% calcined
material at normal consistency. The authors concluded that there was no relationship between
lime consumption and degree of dehydroxylation at 7 days, although a better correlation between
these parameters was observed at 28 days. However, even at 28 days there was a lot of scatter in
the data suggesting that other parameters, besides the degree of dehydroxylation, may be
affecting calcined clay reactivity.
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2.7.3 Clay Kaolin Content and Structural Disorder Effect on Reactivity
Krishnan and Bishnoi [117] evaluated the reactivity of 2 natural clays with low and high
kaolinite contents of 20 and 80%, respectively. Both clays were calcined at 800˚C followed by 8
hours of soaking. After that, the calcined clays were ground with clinker, either a cement-grade
limestone or a low-grade limestone with high dolomite (CaMg(CO3)2) content and gypsum. The
clay content was fixed at 30%, limestone content was 15%, gypsum was added at 5%, and the
remaining 50% of the mixture was clinker. The authors reported poor lime reactivity of the 20%
kaolinite clay. Compressive strength of mortar cubes, prepared with the calcined clays at a w/cm
ratio of 0.45, was also measured and compared to the performance of OPC and OPC+30% fly
ash. Compressive strengths of mortar cubes prepared with 20% kaolinite clay and the high-grade
limestone were slightly higher than those of OPC at 7-90 days. Compressive strengths of 20%
kaolinite clay and low-grade limestone were similar to those of the mortar cubes containing fly
ash. A significant increase in compressive strength was achieved with 80% kaolinite clay
regardless of the limestone quality. Similar results were obtained for concrete, where mixes
containing 20% kaolinite clay showed similar performance to the mix containing fly ash, while
80% kaolinite clay strengths were similar to that of OPC. These results emphasize the significant
strength performance of calcined kaolin mortars, having the potential to match and surpass the
performance seen when using fly ash.
Kakali et al. [96] compared the reactivity of 5 different clays with a range of kaolinite
contents (38-96%), as well as variable kaolinite crystallinity (degree of order/disorder). Clays
were calcined at 650˚C and their reactivities were evaluated using the Chapelle test. The results
were expressed both in terms of CH consumption per gram of calcined clay, as well as per gram
of metakaolin in the calcined samples. The authors observed that when the results were
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normalized by the total mass of calcined clay, the samples containing more metakaolin appear to
be more reactive; however, when the results are normalized by the amount of metakaolin,
reactivity was higher for the clays with a greater degree of disorder. Similar to Tironi et al. [71],
Kakali et al. [96] concluded that the degree of order/disorder of the raw clay has an effect on the
reactivity of the calcined pozzolan, where a greater degree of disorder results in more reactive
pozzolanic materials. Influence of these clays on compressive strength at 10 and 20% cement
replacement was reported by Badogiannis et al. [54]. The onset of pozzolanic reaction for all
clays was observed at 7 days, which is consistent with observations by Pierkes et al. [116]. While
compressive strengths of low-kaolinite clays (38 and 39% kaolinite) were lower than those of
high-kaolinite clays (> 52% kaolinite), they were equal to or greater than the strength of OPC
after 7 days. These results clearly indicate the enhanced strength performance of calcined
kaolinite cements, revealing their suitability as a natural resource for natural pozzolanic
materials.
Hollanders et al. [28] attempted to understand the origin of the pozzolanic reactivity of
calcined clays. The authors selected eight different clays for their study: three kaolinites with
different degrees of order/disorder; a halloysite, which has a similar structure to that of kaolinite;
an illite; and three smectites (Na-montmorillonite, Ca-montmorillonite, and hectorite). Clays
were calcined at maximum temperatures ranging from 500 to 900˚C. The authors identified
700˚C as the optimum calcination temperature for kaolinitic clays, based on the absence of
kaolinite peaks as measured by XRD. However, for the kaolin sample with low degree of
order/disorder, no kaolinite peaks were observed even at 500˚C, and only a small amount of
crystalline kaolinite was detected for the kaolin sample with a medium degree of order/disorder.
These results were confirmed by portlandite (CH) consumption at 28 days. For the highly22

ordered kaolin sample, CH consumption significantly increased for the sample calcined at 700˚C
compared to the one calcined at 500˚C, while no change in portlandite consumption was
observed on heating above 700˚C. For the samples with low and medium degrees of
order/disorder, no significant changes in CH consumption were observed on heating above
500˚C. The authors concluded that for kaolin, higher reactivity was observed with kaolin clay
that possessed higher degree of order/disorder [28], [105]. However, as mentioned previously,
the kaolin content in these blends was varied as well, which as mentioned undoubtedly effects
clay reactivity.
Alujas et al. and Reyes et al. [20], [32] studied the influence of low-grade calcined kaolin
on the strength performance of portland cement mortars in great detail. Calcined clays with
kaolin contents as low as 40 wt. % were included as SCMs replaced for 30 wt. % of portland
cement. After 7 days of hydration, all blended mortars showed compressive strengths equal to or
greater than their control mixtures. Both authors contribute these observations to calcined clay
pozzolanic reaction and particle filler effects on hydrate nucleation and growth. The authors note
that pozzolanic reactivity of clay blended mortars increased with clay kaolin content and total
mixture Al2O3 content. After 7 days of hydration pozzolanic reaction had progressed
significantly in the blended mortars making their strengths match or surpass the control. The
authors detail the strength bearing cement hydrate phases that form from pozzolanic reaction of
calcined clay: long chains of CSH and CASH, other alumina hydrates including hydroxy-AFm
((CaO)4Al2O3(H2O)13), katoite hydrogarnet ((CaO)3Al2O3(H2O)6), siliceous hydrogarnet
((CaO)3Al2O3SiO2(H2O)4), stratlingite ((CaO)2Al2O3SiO2(H2O)8) and calcium
monosulfoaluminate ((CaO)4Al2O3SO3(H2O)12). It is noted that system hydration including
limestone results in the formation of carboaluminates such as monocarboaluminate
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((CaO)4Al2O3CO2(H2O)11) and hemicarboaluminate ((CaO)4Al2O3(CO2)0.5(H2O)12) [14], [18],
[19], [32], [118]. Thus, it is generally accepted that the greater the kaolin content of a given
calcined LGK, the greater a given cementitious system’s strength development after pozzolanic
reaction has proceeded between 3-7 days of hydration [14], [119].
Avet et al. [14] were able to show a nearly linear relationship between clay kaolin
content, mortar compressive strength and total heat of hydration using isothermal calorimetry at
all ages tested. They state that the total heat and strength development of mortars containing
calcined kaolin clays despite their various mineral impurities, particle size distributions, and
surface areas is overwhelmingly dependent on calcined clay kaolin content [14]. In fact,
Shvarzman et al. suggests that the pozzolanic activity of calcined kaolin is linearly proportional
to the amorphous content produced during the calcination process only after 50 % amorphous
content is achieved. Furthermore, they state that metakaolin with an amorphous content ≤ 20%
can be considered inert in reference to its pozzolanic reactivity [5].
2.7.4 Clay Fineness and the Combined Effects of Significant Parameters on Reactivity
The high surface area and pozzolanic reactivity of calcined kaolin clay results in
cementitious systems with reduced porosities and refined pore size distributions [23], [118],
[120], [121]. This in turn expands the degree of hydrate connectivity yielding higher strength and
lower permeability in LGK blended systems, enhancing durability against corrosive ions [23],
[108], [118], [122]–[124]. Alujas et al. [32] prepared calcined kaolin mortars using clays with
kaolin contents as low as 40 wt.%. Also, mortars were made using 30 wt.% of an inert quartz of
similar particle size to that of the calcined clays to isolate the strength gain due to particle filler
effects. After only 1 day of hydration, the quartz mortar had comparable compressive strengths
with all blended mortars, which were significantly lower than the control cement mortars. The
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author notes that these results reveal at early ages strength gain by incorporating calcined clay is
primarily due to particle filler effects which is expected to be related to system particle size
distribution or other microstructural properties such as surface area and fineness. Particle filler
effects contribute to cement hydration and strength gain by providing for additional sites
available for cement hydrate nucleation and growth.
Tironi et al. [71] investigated five kaolinitic clays with a range of kaolinite contents from
high (76 and 94%) to low (16%). Fourier transform infrared (FTIR) spectra were used to
determine whether the structures of raw clays were ordered or disordered. The highest and the
lowest kaolinite content clays had an ordered structure, while the rest of the clays had a
disordered structure. Clays were calcined at 700˚C and ground until passing through a 45-μm
sieve [71]. The resulting surface area was measured using the Blaine air permeability test, which
showed large differences in the fineness of the calcined clays (981 to 2287 m2/kg). Not
surprisingly, two clays with highest Blaine fineness values (2287 and 1865 m2/kg) were reported
as most reactive as determined by the Frattini test, electrical conductivity measurements, and
compressive strength measurements at 7-90 days. Since the highest kaolinite-content clay had an
ordered structure in addition to lower fineness (1461 m2/kg), and all the results follow the trend
of the fineness, the authors used an analysis of variance (ANOVA) to determine if the effects of
fineness, degree of order/disorder, and kaolinite content of the uncalcined clays on compressive
strength was significant. All the parameters were concluded to be significant, and their
significance varied with age. Significance of kaolinite content of clay increased with age as well
as the degree of order/disorder, while significance of clay fineness decreased with age. It is noted
that fineness is a compounded mixture property based on system microstructural properties.
Typically, a greater surface area SCM contributes to strength gain by providing additional
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surface sites for cement hydrate nucleation and growth. An increase in system porosity has the
opposite effect on strength gain where more void volume does not allow strength bearing phases
to precipitate.
For an accurate understanding of the origin of calcined clay reactivity, all chemical and
microstructural properties of clay such as kaolin content, degree of disorder, degree of
dehydroxylation and fineness should be well detailed. However, it is reiterated that Avet et al.
[14] state that the total heat and strength development of mortars containing calcined kaolin
clays, despite their various mineralogies and physical characteristics, is overwhelmingly
dependent on calcined clay kaolin content. Thus, the effect of clay kaolin content on the strength
development of calcined LGK blended mortars prepared in this study is addressed in detail.
2.8 Rheology of Calcined Kaolin Clay Cementitious Systems
The rheology of cementitious materials is critical to consider when assessing the
feasibility of mix designs since their pump-ability, formwork filling, consolidation and selfcompaction are co-dependent and vital for commercial applications. The most commonly used
standardized techniques for analyzing the flow performance of fresh cementitious systems is
limited to slump and the flow table which are simple and reliable tests [125], [126]. However,
rotational and oscillatory rheological tools have been shown to be more sensitive flow
characterization techniques with great precision, yielding more scientifically descriptive
information on the flow response of cementitious systems after applying stress [127]–[136].
These tools have gained much attention in modern research for evaluating the effects of various
constituents and mixture proportions on hydration kinetics, cement-admixture-aggregate
interactions, and optimizing flow performance.
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The rheological behavior of freshly mixed cementitious systems is well established, most
commonly treated as a fluid sustaining yield stress through flocculation strength [137]. In fact,
Banfill [129], Hattori and Izumi [134], Talero et al. [135], [136] as well as others propose that
the rheology of fresh cementitious systems including concrete are governed by their colloidal
stability where the mechanisms of reversible coagulation and flocculation of components are
prevalent. It is noted that these propositions have not been confirmed using calcined LGK
blended cement and concrete. A primary research objective of the rheological work presented in
this document is to verify if calcined LGK-cement rheology is controlled in similar manner. A
general overview of the fluid models used for cementitious systems may be found in Banfill’s
[129] work titled “The Rheology of Fresh Cement and Concrete”, but the most widely used is the
Bingham plastic fluid model (Equation 7).
τ = τ0 +μγ̇

Equation 7

where τ is an applied shear stress in Pa, τ0 is the fluid’s characteristic yield stress in Pa, µ is the
fluid’s plastic viscosity in Pa*s and γ̇ is an applied shear rate in 1/s.
Rheological assessment of cementitious systems is quite complex and is highly
dependent on the measuring techniques and methods of data interpretation [138], [139]. This is a
direct result of the programmed mathematical limitations of rheometers, which are dependent
specifically on the experimental flow routine and geometry used for analysis. In addition, the
intrinsic properties of cementitious systems such as thixotropy (a fully reversible agglomeration
potential), structural breakdown, particle segregation, yield stress, plug flow, and hydration
reactions play a significant role in complicating rheological analysis from providing accurate and
usable information [138], [139].
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Most literature make use of rheometers as black boxes and do not consider the possible
errors that may arise due to the chosen rheometer geometry, transformation equations employed,
and flow controlling mechanisms such as thixotropy, structural breakdown, plug flow, particle
segregation, and hydration reactions [138], [139]. These unique flow mechanisms strongly
influence rheological measurements if precautions to avoid these errors are not taken. Thus, the
shearing procedure used during rheometry influences data acquisition. Nonetheless, it is
commonly acknowledged that cementitious systems have both a static and dynamic yield stress
that may be computed from a constant and decreasing shearing routine, respectively. Static yield
stress is measured on a system that has been at rest, built structure and is agglomerated. A low
shear rate is applied, < .01 1/s, to minimize visco-elastic effects on stress measurements and a
plateau denoting static yield stress is observed. Dynamic yield stress is computed by fitting a
fluid model to shear rate-stress data using a decreasing shear rate sweep. The term dynamic is
used as the sample is strongly sheared prior to rheological measurements, destroying any
agglomerated particles.
Wallevik et al. [139] state “The only 2 rheometer geometries that offer analytical
transformation equations that are suitable for cement-based materials are the concentric cylinders
and the parallel rotating plates”. All other geometries result in transformation equations without
analytical solutions and are less accurate. Rotational rheometers directly measure angular
velocity and applied torque to the sample. The rheometer transforms these measurements into
stress and strain parameters using user defined equations including correction factors to
standardize any results to a reference sample. When concentric cylinders are used, shear stress
may be calculated using the rheometer’s measured torque, T, following the Cauchy stress
principle (Equation 8).
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τ(r) =

T

Equation 8

2πr2 h

where r is any radius between the concentric cylinders and h is the height of the cylinder. The
shear rate is not as easily calculated since it is too a complex function of r which depends on the
fluid model [139]. Feys et al. [140] have reported that that applying the Newtonian
transformation equations for cementitious systems induces systematic error. Wallevik et al. [139]
revealed errors of this sort when calculating a Newtonian fluid’s viscosity using the rheometer
procedure versus other means of modelling shear rate. They made use of narrow smooth, wide
smooth, and narrow sandblasted concentric cylinders all of which ideally should yield identical
results for the given fluid. However, the only transformation procedure that calculated sample
viscosity consistently, independent of the geometry used, was the Reiner-Riwlin procedure. This
procedure relates the measured rheometer’s torque and angular velocity to sample fluid
properties by direct integration of the fluid model. Following the Bingham fluid model (Equation
7), the Cauchy stress principle (Equation 8) for a cylindrical shell and shear rate (Equation 9), the
final integrated form of the Reiner-Riwlin equation (Equation 10) becomes a linear function.
dω

γ̇ = (r dr )
T=

4π h μ
1
R2
0

1

− 2
R
c

𝜔+

Equation 9

R
4π h ln( c )
1
R2
0

R0
1

− 2
R

τ0

Equation 10

c

where ω is the angular velocity of the rotating cylinder in rad/s whether the outer or inner
cylinder rotates, Rc is the radius of the outer cylinder cup, and R0 is the radius of the inner
cylinder. A linear fit of Equation 10 offers a direct calculation for sample viscosity and yield
stress using the slope and y intercept respectively. Feys et al. [140] state that for cementitious
systems, “the only procedure available to transform data from torque and rotational velocity into
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fundamental rheological units is the Reiner-Riwlin equation.” Since most rheological studies of
cementitious systems make use of geometries different than concentric cylinders and
transformation equations innate to the rheometer, their absolute values are not to be taken as
accurate. Rather these experimental studies offer comparative analysis of the flow properties
determined for different cementitious systems.
One drawback to using calcined clays as SCMs is their potential to significantly increase
the water demand for attaining the desired flow performance. The published literature reveals the
negative influence of high-grade MK on concrete and mortar flow [43]–[47], [127], [141]–[143].
However, very little literature detailing the effect of LGK on the flow performance of
cementitious systems is available. The few modern studies which have addressed the rheological
behavior of calcined LGK blended cementitious systems do not emphasize the driving
mechanisms controlling mix flow through experimental material characterization, but rather
solely report the observed performance [54], [144], [145].
Rheological studies on blended systems including MK make use of various procedures
and geometries. However, they all reveal that incorporation of higher quantities of MK result in a
direct increase in system stress after applying shear [45], [46], [141], [142]. By analyzing system
stress-strain data, these studies reveal calcined clay blended cements sustain greater dynamic
yield stresses and have increased viscosities when compared to neat cement when using a variety
of fluid models. The authors attribute the poor rheological performance of MK blended cements
to the calcined clay’s Lewis basic character having an affinity to adsorb water and flocculate
with pore solution ions and cement hydrates. Thus, greater MK content causes the cementitious
system to have poor solid packing density and colloidal stability when compared to a system
void of clay. Aside from MK content, Cassagnabere et al. [143] published a comprehensive
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research article revealing the effect of MK particle morphology, surface area and porosity on the
rheological performance of mortar [143]. Here it was shown that mortar yield stress and
viscosity increase with the addition of greater quantities of more platy and elongated MK
particles which is controlled by the nature and content of clay impurities [143]. Furthermore, the
high specific surface area (SSA) of calcined clays is commonly reported as a direct factor
reducing system fluidity [43], [46], [47], [127], [142], [143], [146], [147]. However, many
authors have noted that with the inclusion of fine-sized clays, the PSD of all mixing materials
should be wide to minimize system water demand and maximize packing density for attaining
optimal flow performance [44], [144], [148]–[156]. Packing density refers to the apparent solids
volume packed into a given volume of a cementitious system and may be modelled using a
variety of proposed methods [44], [147], [150], [157], [158].
As will be presented, LGK structural disorder including isomorphic substitution in kaolin
has a strong influence on clay morphology, SSA and porosity. Yet, the rheological influence of
calcined LGK with these heterogeneous material properties has not been addressed. A major
research objective of the current study is to provide detailed investigations into the relationships
between clay physical and chemical properties and rheological properties. The research
presented reveals that rheological property models may be developed with adequate knowledge
of calcined LGK blended system chemical and physical properties.
2.9 Conclusions
Based on the review of the current literature of calcined LGK, their use in concrete as a
cement-replacement material is a viable option. Clays containing kaolinite appear to enhance
cementitious system performance most significantly, being the most reactive clay mineral.
Additionally, their lower calcination temperatures compared to other clay minerals yield them as
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the most attractive Class N pozzolans. A wide range of calcination temperatures has been
published for each clay type, especially for kaolin; therefore, the optimum calcination
temperatures have to be determined for each clay individually.
Although it has been reported in the literature that reactivity of clays depends on their
mineralogy, relative amounts of clay minerals present, particle size, degree of order/disorder (in
the case of kaolinite), and the amount of associated minerals, the exact relationships between
these parameters and reactivity have not been established. Moreover, the degree to which each
parameter affects overall reactivity is not clear. Additionally, it has been shown in the literature
that complete loss of crystallinity, as determined XRD, may not always correspond to maximum
reactivity of the calcined material, especially in the case of kaolinite-containing clays. This is
attributed to the confounding influence of clay mineralogy and physical characteristics on
pozzolanic reactivity. For this reason, conducting an accurate multi-technique assessment of clay
mineralogy is imperative for interpreting observed performance of calcined LGK blended
cements. Currently, the most reliable predictor of reactivity appears to be compressive strength
measurements. This method is used in this study for detailing the relationships between LGK
material properties and reactivity in portland cement mortars.
The rheological literature available on calcined clay cements has predominantly focused
on the flow behavior of mixtures containing MK, a high-grade calcined kaolin. In addition, these
rheological studies commonly overlook the more complex methods of data analysis and typically
use the rheometer’s innate program, not considering errors due to experimental procedures and
the complex flow characteristics prevalent in cementitious systems. Nonetheless, it has been
established that greater inclusions of MK lead to reduced workability [44]–[47], [127], [137],
[141]–[143]. The authors attribute the poor rheological performance of MK blended cements to
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the calcined clay’s high surface area, platy particle geometry and Lewis basic character having
an affinity to adsorb water and flocculate with pore solution ions and cement hydrates. Thus,
greater MK content causes the cementitious system to have poorer solid packing and colloidal
stability when compared to a system void of clay. This follows the fundamental studies of
Banfill, Hattori and Izumi and Talero et al. [129], [134]–[136] who propose that the rheology of
fresh cementitious systems, including concrete, are governed by their colloidal stability where
the mechanisms of reversible coagulation and flocculation of components are prevalent. The
influence of lower purity kaolin clays on the blended system rheology is expected to be similar to
that of MK, but LGK mineralogy and structural disorder including isomorphic substitutions
varies widely from that found in resources used for MK, even within a single mine. This
heterogeneity influences clay morphology and Lewis basic activity, which in turn is influential
on system rheology. Yet, the physical and mineralogical effects of naturally impure LGK on
system rheology have not been addressed. Further rheological study with calcined LGK blended
cements, making use of the more rigorous and accurate data analysis techniques, is needed for
detailing the flow controlling parameters accurately and providing detailed insight into their
pump-ability, consolidation, self-compaction and other pertinent flow properties. Confronting
rheological research in this manner will allow for needed insight into how a given LGK and
auxiliary minerals should be processed, whether ground or separated, and how much of a
particularly sized aggregate and plasticizing admixture may be required to ensure the desired
flow properties are attained. Ideally, the development of an accurate rheological model is desired
to alleviate the concerns with unanticipated negative rheological influences caused by calcined
LGK with vast mineralogical heterogeneity and microstructural characteristics.
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Chapter 3: Local Clay Availability and Sample Characterization2

3.1 Florida Clay Resource Identification and Sampling
There is currently a plethora of available literature on most of the clay sources located
across the state of Florida [30], [159]–[162]. Much of the characterization of these clays is
focused on reporting the elemental oxide analyses rather than the clay mineralogy. Despite all
the geological research published on Florida clay resources, the Florida Department of
Environmental Protection has the most user-friendly and detailed database of clay resources in
the state. This agency has put together a user-friendly program known as the Integrated Habitat
Network (IHN) [163], which includes a 2-D map of the many facets of Florida’s natural and
man-made resources and geology, such as mining areas, hydrography, hazardous waste
locations, natural habitats, conservation areas and recreational parks, among others. The nonphosphate sites information (updated in 2016) provided by IHN was used to identify potential
clay sampling locations. This data revealed that Florida clay sources may be found all across the
state of Florida from the west side of the panhandle all the way across to east Florida in
Jacksonville and as far south as Key Largo. It should be noted that although the IHN provides

2

The content presented in Chapter 3 has been written here with permissions from published works in a first authored
publication in Applied Clay Science, “Characterization of Florida kaolin clays using multiple-technique approach”
(Appendix B.1 permission) and an open access report conducted for a funded project at USF under the Florida
Department of Transportation (FDOT) with contract number BDV25-977-38 (Appendix B.2 permission)
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specific locations for clay, sand, limestone, fuller’s earth, and fill material mining, these
materials are mined with some proportions of clay.
All non-phosphate locations on the IHN database were considered as potential sites for
obtaining clay specimens. However, the IHN database is somewhat limited. The non-phosphate
resources shown in this program are not guaranteed to exist currently as they are listed. In
addition, no specific information on the mineralogy of the clay sources is available within the
IHN network. Other resources were needed for the characterization of clays at these locations
and proved difficult or impossible to obtain. Most of these locations are either active or inactive
industrial mining operations. However, quite a few clay sources existed on private property and
specimen gathering was limited to properties for which the owner’s consent could be obtained.
This research project focused on obtaining raw earth material as it exists naturally in the
ground. A total of 20 potential clays from 9 different clay pits were obtained for this research.
All clay samples were hand-grab samples placed into 5-gallon plastic buckets.
A red overburden, a waste material excavated on top of clay being sold as product, was
obtained from a sand mining operation at a pit listed on the IHN non-phosphate sites as Pit 168𝐴̂.
This mine has high quality sand residing under 10-15 feet of overburden clay. Figure 5 shows the
reddish overburden residing on the top of sand and clay to be excavated, processed and sold.
This overburden is currently used as a cheap road base material. A Google Maps [164] image of
the pit’s layout is shown in Figure 6.
Another overburden red clay was obtained from a mine (Figure 7) that is also excavated
for sand; however, a red clay overburden as deep as 15 feet from the surface is excavated and
sold for road/construction base material. The owner of the mine mentioned that there was white
clay in the rear of the property, but would not aid in obtaining samples because of safety
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concerns. This white clay may be seen in the lower-right corner of an aerial view of the clay
mine (Figure 8).

Figure 5: Clay Pit 168𝐴̂ wall stratification

Figure 6: Aerial view of Clay Pit 168𝐴̂ [164]
At another mine, large quantities of 2 types of clay are found up to 30 feet beneath the
surface at 2 separate locations in the mine. One of the clays is sold as a fill material, and the
other clay is a plastic gray-colored clay that is sold for use as a water basin sediment densifier
that aids bed sediments with water retention. An aerial view of the mine prior to serious clay
excavation is shown in Figure 9.
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Figure 7: Clay mine wall

Figure 8: Aerial view of clay mine [164]
Several red clays were also obtained from another clay mining company that owns 11
properties, but most are not excavated for clay. Two mines were visited for sample grabbing.
Cannon Pit is currently mined for high-grade baseball clay. This clay is extremely dark red in
color and is sold as a specialty clay. For this reason, this clay was not sampled for this project.
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Another mine named Pit #17 was also visited (Figure 10) with an aerial view presented in Figure
11. This mine is currently inactive, but was previously mined for lower-grade red clay that can
be sold as road/construction base. A sample of this clay was obtained for this study.

Figure 9: Clay mine aerial view [164]

Figure 10: Cannon Pit
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Another clay source was found at a limestone mine (Figure 12) that has clay, contained in
overburden excavated in the process of mining limestone, which has been set aside for sale as fill
material or road/construction base. Large amounts of red clay are found 30 feet beneath the
surface. In addition, a plastic gray clay known as Florida Gumbo is found sparsely among the red
clay deposits. There is also a very dark overburden material as deep as 10 feet beneath the
surface, above the red clay, which is sold as fill. Samples of all three clays are identified in
Figure 12 and were obtained for this research project.

Figure 11: Cannon Pit aerial view [164]
Eight clay samples were obtained from different locations in a mine that produces both
sand and red clay. Five different red clays were identified by visual inspection of the clay color.
In addition, a black clay, a white sandy clay, and a white plastic clay were obtained. All clays
were found in the mine up to 15 feet beneath the surface. The white plastic clay is typically
39

avoided during mining operations due to the difficulty experienced in excavating the material
from earth due to its plasticity. In addition, it was noted that the black clay exists in very small
quantities within the mine and is not excavated and sold as product material. An aerial view of
the mine revealing each of the 8 clay locations is shown in Figure 13. It should be noted that only
3 of the 5 red clays obtained at this mine were used for this research; 2 of the five were not
included because they had x-ray diffraction (XRD) patterns that were not different enough from
the other 3 clays to warrant inclusion.

Figure 12: Aerial view of limestone/clay mine [164]
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Access was obtained to a currently inactive clay mine that was previously mined for sand
and red clay. Two red clay specimens were obtained from this mine, although only one was used
for this research since their XRD patterns were nearly identical. An aerial view of the mine is
shown in Figure 14.

Figure 13: Aerial view of clay mine showing 8 sampling locations [164]
An active mine with 2 clay/sand mines containing high-purity kaolinite clay was visited.
There is approximately 10 - 20 feet of overburden that must be removed to access high purity
kaolinite containing white sandy clay. The clay is mined via dredging in water retention ponds as
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deep as 60 feet beneath the surface. Beneath the kaolin clay resides a grey, plastic
montmorillonite clay previously mentioned as Florida Gumbo. The Florida Gumbo was not
being mined due to issues with slurry generation for transport from the ground to the processing
plant. Two overburden materials (one grey and the other orange in color), as well as a high-grade
air-floated kaolinite clay (> 97 wt. % kaolinite) and Florida Gumbo clay were obtained from this
clay mine. It is noted that the high-grade kaolinite was not used for this research, as lower-grade
clays with lower kaolinite contents are of primary interest for this research. An aerial view of the
mine is shown in Figure 15, while images of the overburden materials and the dredging operation
of the high-grade kaolin are included in Figures 16 and 17 respectively.
A second high-grade kaolinite mine is currently inactive and the owner has no current
interest in starting up the mine. Two white sandy clays were obtained from this mine, one from
the high-grade kaolin source roughly 20 feet beneath the surface, and the other from the
overburden roughly 10 - 15 feet beneath the surface and above the high-grade kaolinite clay. An
aerial view of the mine is shown in Figure 18.

Figure 14: Aerial view of inactive clay mine [164]
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Figure 15: Aerial view of high purity kaolin mine [164]

Figure 16: Kaolin overburden samples
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Figure 17: High purity kaolin mine dredging operation

Figure 18: Aerial view of second high purity kaolin mine [164]
3.2 Preliminary Characterization for Identifying Kaolin Samples
A total of 20 samples were obtained from the field as described in Section 2.2. In the
laboratory, each sample was spread out on the floor, crushed by hand, and mixed thoroughly.
After mixing, all clays were dried in a Lindberg box furnace at 110°C until a constant mass was
achieved.
After drying, 1 kg of each sample was dry sieved through a 325-mesh (45-μm) sieve to
separate the clay size fraction from the large quantities of inert aggregate present in each sample.
A preliminary evaluation of the material passing the 45-μm sieve was carried out using XRD in
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order to identify samples for detailed characterization. XRD scans were collected using a Phillips
X’Pert PW3040 Pro diffractometer equipped with an X’Celerator Scientific detector and a CuKα x-ray source. Tension and current were set to 45 kV and 40 mA, respectively; 5-mm
divergence and anti-scatter slits were used in the automatic mode. Scans were collected for the 470˚ 2θ angular range, and the sample was rotated at 30 rpm during data collection. The collected
diffraction patterns were analyzed using the HighScore Plus v. 4.5 software in order to identify
the samples’ mineralogies. For samples with very similar x-ray diffraction patterns, only one
sample was selected. Furthermore, only 10 clay fractions contained minerals associated with
those of the kaolin group and were therefore selected for further study.
3.3 Sample Aggregate Characterization
For the selected 10 samples, approximately 1 kg of dried material was weighed out and
wet-sieved through a 45-μm sieve. The materials retained and passing the 45-μm sieve were
dried again at 110°C in a box oven until a constant mass was attained. It should be noted that
surface water, internally-adsorbed water, and chemical water may still persist in each clay after
drying at 110°C. The percentage retained on the 45-μm sieve was considered to be the sample’s
aggregate content, and the percentage passing was taken as the sample’s clay content. The
aggregate content in all the samples was high, ranging from approximately 65% to 90%, which is
well above the maximum 34% specified by ASTM C618 (Table 1) [86]. Correspondingly, the
clay content varied from 35% to 10%. The range in particle sizes of all aggregates obtained is
1.18 mm to < 45 µm, offering a potential source to mitigate the need for purchasing and
transporting mix design aggregate for structural applications. XRD analysis of the aggregate
present in all sample was overwhelmingly dominated by quartz and may be deemed as sand.
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Despite the vast quantity of aggregate present in all clay samples, the fraction passing the 45 µm
is of primary interest in this research.
Table 1: Aggregate and clay content from wet sieving
Sample
ID

% Retained on 45-μm Sieve
(Aggregate wt.%)

% Passing 45-μm Sieve
(Clay wt.%)

A1

77.0

23.0

B1

67.4

32.6

B2

81.2

18.8

B3

75.1

24.9

B4

73.5

26.5

C

79.9

20.1

D1

64.8

35.2

E

89.5

10.5

F

76.4

23.6

G

75.2

24.8

3.4 Elemental Oxide Composition
After wet sieving, the material was oven dried at 110°C for further elemental analyses.
The compositions of the clay fraction (passing the 45-μm sieve) were determined using XRF
according to ASTM C114 [165]. Since the fraction retained on the 45-μm sieve was classified as
quartz sand, XRF analysis was not conducted on the retained material.
As can be seen from Table 2, the clay fraction consisted predominantly of Al2O3 (30 38%) and SiO2 (34 - 46%), which is generally consistent with the chemical composition of
kaolinite (Al2O3∙2SiO2∙2H2O, 39.5 wt% Al2O3, 46.5 wt% SiO2, and 14.0 wt% H2O). The high
loss on ignition content (LOI) was assumed to be due to the water chemically combined in
kaolinite (14.0 wt%), which would be lost during the calcination process. Fe2O3 content of the
clay fractions varied from approximately 1 to 10%. Increase in Fe2O3 content generally
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corresponded to an increase in the red color of the clay. All the clays met the ASTM C618 [86]
requirement for Class N pozzolans with a minimum of 70.0% for SiO2+Al2O3+Fe2O3.
Additionally, the SO3 content of all the clays was very low, below 0.1 %, which was well below
the maximum limit of 4% specified by ASTM C618 [86]. K2O, Na2O and MgO amounts were
low in all samples, indicating that the presence of montmorillonite and feldspars was not likely
[32]. As will be presented, presence of these minerals was not detected by XRD analysis either,
confirming this initial assumption. However, it should be noted that although the clay fraction of
the obtained field samples met the requirements of ASTM C618 [86], the bulk material would
not meet this specification due to its large sand content in the as-received condition unless it was
first ground to pass a 325-mesh sieve or separated and excluding from the clay fraction.
The amount of kaolin in each sample was first calculated based on stoichiometry. This
approach was described in detail by Bich [166] and used by other researchers for kaolinite
quantification [18], [71], [84]. Using the calculated amount of kaolin (Table 2), the high LOI
content was determined to be predominantly due to the loss of water chemically combined in
kaolin.
Table 2: Oxide chemical composition of the clay fraction
Clay ID

A1

B1

B2

B3

B4

C

D1

F

E

G

Analyte

wt.%

wt.%

wt.%

wt.%

wt.%

wt.%

wt.%

wt.%

wt.%

wt.%

SiO2

45.99

42.52

43.32

37.07

41.09

34.05

38.47

42.63

43.67

43.84

Al2O3
Al2O3/
SiO2
Fe2O3

37.7

35.88

34.33

33.11

33.31

33.13

31.29

34.94

30.08

32.52

0.820

0.844

0.792

0.893

0.811

0.973

0.813

0.820

0.689

0.742

0.9

1.63

2.99

10.2

5.35

6.58

8.91

4.55

6.52

5.48

CaO

< 0.01

0.05

< 0.01

0.02

0.17

1.1

0.12

< 0.01

0.37

< 0.01

MgO

0.16

0.39

0.24

0.34

0.33

0.29

0.49

0.21

0.28

0.22

SO3

< 0.01

< 0.01

0.06

0.02

< 0.01

< 0.01 < 0.01 < 0.01

< 0.01 < 0.01
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Table 2 (Continued)
Clay ID

A1

B1

B2

B3

B4

C

D1

F

E

G

Analyte

wt.%

wt.%

wt.%

wt.%

wt.%

wt.%

wt.%

wt.%

wt.%

wt.%

Na2O

0.05

0.03

0.04

0.05

0.05

0.23

0.05

0.02

0.02

0.02

K2O

0.24

0.18

0.18

0.15

0.15

0.24

0.23

0.12

0.17

0.3

TiO2

0.27

1.52

2.52

1.5

1.69

1.05

1.39

1.13

1.76

1.18

P2O5

0.05

0.66

0.4

0.77

1.12

5.39

1.26

0.21

0.27

0.81

Mn2O3

< 0.01

0.01

0.01

< 0.01

0.01

< 0.01

0.01

0.01

SrO

< 0.01

0.12

0.08

0.12

0.18

0.49

0.16

0.04

0.03

0.23

Cr2O3

< 0.01

0.02

0.01

0.03

0.02

0.043

0.03

0.02

0.02

0.01

ZnO

< 0.01

BaO
< 0.01
L.O.I
14.17
(950˚C)
Total
99.53
Na2Oeq
Kaolin
Content

0.21
95.4

< 0.01 < 0.01

< 0.01 < 0.01 < 0.01

< 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

0.07

0.06

0.07

0.1

0.25

0.09

0.01

0.02

0.16

16.14

15.06

16.52

15.56

16.33

16.6

15.39

15.66

14.41

99.21

99.23

99.95

99.13

99.23

99.08

99.27

98.9

99.21

0.15
90.8

0.16
86.8

0.15
83.7

0.15
84.3

0.38
83.8

0.2
79.1

0.1
76.1

0.14
88.4

0.22
82.3

3.5 Clay Fraction Mineralogical Analysis
3.5.1 Fourier Transform Infrared Spectroscopy
FTIR spectroscopy is a method that is commonly used for the identification of minerals
present in raw clays and for the assessment of the degree of disorder [62], [64], [167], [168]. A
Nicolet iS50 FTIR spectrometer was used to conduct mid-IR spectral scanning of all 10 clay
fractions over the range of wavenumbers from 400 – 4000 cm-1. Prior to analysis, samples were
lightly ground using a mortar and pestle and sieved again through the 45 μm sieve. This was
done to minimize the scattering, distortion and peak broadening of IR radiation due to largersized particles that may have resulted from agglomeration during drying. Samples were scanned
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using the attenuated total reflection (ATR) technique at room temperature using 50 scans per
sample with a resolution of 0.241 cm-1.
Predominant absorption bands identified in all the samples were those typical of kaolinite
(Figure 19 and 20, Table 3).

Figure 19: IR spectra (1150-750 cm-1) for the clay fractions

Figure 20: IR spectra (3800-3500 cm-1) for the clay fractions
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Table 3: Assignment of FTIR vibrations for clay fractions [75], [78], [169], [170]
Wavenumbers (cm-1)
Suggested
assignments
Geminal -OH
in-plane
stretching
Geminal -OH
out-of-phase
stretching
Geminal -OH
out-of-phase
stretching
Isolated -OH
stretching
Apical Si-O
stretching
Si-O in-plane
stretching
Si-O in-plane
stretching
Isolated -OH
bending
Geminal -OH
bending

A1

B1

B2

B3

B4

C

D1

E

F

G

3684

3695

3691

3694

3694

3690

3696

3693

3692

3690

3668

-

3670

-

-

3670

-

3668

3669

3668

3650

3649

3652

3650

3651

3652

3649

3650

3651

3651

3620

3621

3618

3621

3623

3621

3621

3622

3620

3620

1111

1119

1117

1117

1117

1116

1120

1116

1116

1117

1027

1030

1030

1030

1030

1029

1030

1028

1029

1027

1005

999

1000

1001

1002

1003

1000

999

1004

999

939

938

937

937

938

937

-

937

938

937

910

912

912

912

913

912

911

911

912

911

IR spectrum of kaolinite is characterized by two peaks in the 1000-900 cm-1 range
associated with the bending and 4 peaks in the 3700-3600 cm-1 range associated with the
stretching of isolated and germinal OH- bonding [62], [69], [78], [79]. The peaks at 3620 and 938
cm-1 correspond to the isolated hydroxyl groups in the octahedral sheet, while peaks at 3700,
3670, 3650 and 916 cm-1 correspond to the geminal hydroxyl groups, which form the hydrogen
bonds between sheets. In well-ordered samples, these regions can be used to distinguish between
kaolinite, dickite and nacrite [62]. While kaolinite is characterized by the presence of 4
absorbance peaks in the 3700-3600 cm-1 region, dickite and nacrite only have 3 peaks due to
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aluminum ion vacancies reducing the number of isolated hydroxyl groups [62], [64], [78].
However, disordered kaolinites can also have only 3 clearly resolved peaks in this region [62],
which makes the differentiation of these polytypes with FTIR very difficult at room temperature.
Prost et al. [64] demonstrated that very low temperatures, down to 5K, are required to separate
the IR spectra of these phases.
As can be seen in Figures 19 and 20, 4 well-resolved peaks in the 3700-3600 cm-1 region
were observed for A1, B2, C, E, F and G samples, while the spectra for the rest of the samples
only showed 3 peaks. The appearance of these peaks, well-defined or broad, and their relative
intensities can be used to qualitatively determine the degree of disorder of kaolinite. Vaculikova
et al. [75] proposed a visual criteria for assessment of disorder. Samples were considered wellordered if hydroxyl stretching absorption peaks were clearly observed, partially ordered if
hydroxyl stretching peaks at 3670, 3650 and 938 cm-1 were observed with low intensity and
poorly ordered if only one hydroxyl stretching peak at 3660 cm-1 was observed and/or inflections
in the spectra were observed at 3670, 3650 and 938 cm-1. Absorbance peak at 3670 cm-1 could
not be clearly identified in samples B1, B3, B4 and D1 (Figure 20, Table 3). Additionally, there
was no peak at 937 cm-1 in sample D1. Therefore, kaolinite in these samples was classified as
poorly ordered. Classification of the degree of disorder for all the samples was evaluated
according to [75] (Table 4). The authors [75] also proposed crystallinity indices CI1 and CI2
which assign numerical values to these observations.
Bich et al. [69] used a different set of crystallinity indices, P0 and P2, which only takes
into account the bands in the 3600-3700 cm-1 range. P0 is defined as the ratio of the intensity of
the transmittance band at 3620 cm-1 to that at 3700 cm-1, while P2 is the ratio of the bands at
3670 and 3650 cm-1. Kaolinite is considered to be well-ordered when P0 >1 and P2<1. Disorder is
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indicated by the disappearance of the transmittance band (absorbance peak) at 3670 cm-1, which
causes P2 to become undefined. P0 and P2 were calculated for all the samples as well (Table 4).
Since the peak at 3670 cm-1 could not be identified for B1, B3, B4 and D samples as discussed
earlier, these were again classified as disordered.
Table 4: Kaolinite degree of disorder based on FTIR
Clay ID

Classification by Vaculikova et al. [75]

Classification by Bich et al. [69]

A
B1
B2
B3
B4
C
D
E
F
G

Well-ordered
Poorly ordered
Partially ordered
Poorly ordered
Poorly ordered
Partially ordered
Poorly ordered
Partially ordered
Well-ordered
Partially ordered

Well-ordered
Disordered
Well-ordered
Disordered
Disordered
Well-ordered
Disordered
Well-ordered
Well-ordered
Well-ordered

Good agreement was observed between the CI1 / CI2 and P0 / P2 indices. Poorly ordered
kaolinites as determined by CI1 / CI2 corresponded to disordered classification according to P0 /
P2. It does appear though, that the indices proposed by Vaculikova et al. (2011) are better able to
reflect the partial loss of crystallinity, as both well-ordered and partially ordered samples were
classified as well-ordered according to P0 / P2.
3.5.2 X-ray Diffraction Mineralogical Analysis
XRD measurements of the 10 clay fractions were conducted in accordance with ASTM
C1365 [171]. The external standard method was selected for determining the
amorphous/unidentified content of the clay samples. Corundum (Standard Reference Material
676a) obtained from the National Institute of Standards and Technology (NIST) was used as the
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external standard. The mass absorption coefficient (MAC) of corundum was 30.91 cm2/g. MAC
values for the clays were calculated based on their respective chemical oxide compositions listed
in Table 2. Loss on ignition content was attributed to release of water. XRD scans were collected
using the same procedures as described in previously. Moore and Reynolds [172] recommend the
back-loading method for quantitative XRD analysis of clays, stating that “there seems to be little
difference in the degree of randomness achieved between the complex and the simple methods.”
Therefore, the back-loading technique was used for placing all the samples into the sample
holder in order to minimize preferred orientation. A number of clay sample preparation
techniques have been suggested in the literature to achieve randomly-oriented particle packing
[70], [172], most of which consist of clay deposition onto a zero-background plate. However, the
resulting film typically cannot satisfy the infinite sample thickness assumption and therefore
cannot be used for quantitative analysis [172], [173].
The degree of kaolinite disorder in all clay fractions was determined from their XRD
spectra using the AFGI fitting procedure (Table 5) following Equation 1.
Table 5: AFGI classification of kaolinite disorder from XRD
Clay ID
A
B1
B2
B3
B4
C
D
E
F
G

AGFI [59] Order/Disorder
Classification
Medium
High-defect
High-defect
High-defect
High-defect
High-defect
High-defect
Medium
Medium
Medium
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Similar to the CI1 / CI2 indices proposed by Vaculikova et al. [75], AFGI separates
kaolinites into three categories: low amount of defects, medium and high-defect. The AGFI
classification did not relate well to the FTIR classification (Table 4). Nonetheless, both FTIR and
XRD techniques for assessing kaolinite structural disorder reveal these natural clays present
forms of structural disorder, due to the nature and content of impurities, stacking faults and
impurity ion substitution. Quantitative characterization of clay mineralogy must account for
these non-idealities to be deemed accurate.
Phase identification and Rietveld refinement were performed using the PANalytical
HighScore Plus 4.5 software [174]. Several approaches for Rietveld analysis have been proposed
in the literature that yield good results for cementitious materials [175]–[178]. However,
refinement and quantification of natural clays is more complicated due to the varying degree of
disorder of the kaolin group minerals. The kaolin group includes kaolinite, dickite, and nacrite,
which are polytypes that differ in the stacking of the layers, and halloysite, which is a polymorph
of kaolinite with additional water molecules incorporated into the crystal structure [61]. It was
mentioned that as the degree of disorder increases, peaks observed in the XRD diffraction
patterns of kaolin group minerals become broader and more asymmetrical [61], making it
increasingly challenging to obtain a good fitting through Rietveld refinement. It was observed in
the current study that fitting of the clay XRD patterns, regardless of the degree of order/disorder,
could be significantly improved when the kaolin content of the sample was considered to be
equal to the sum of the kaolinite (ICSD 63192), dickite (ICSD 52398) and nacrite (ICSD 80083).
In addition to variability in stacking, kaolinite can have a variable amount of isomorphous
substitution of Al3+ in its crystal structure by Fe3+, Mg2+, Ti4+, and V3+ [61], which can affect the
quantification of this phase [65], [66]. Since the amount of MgO and TiO2 identified by XRF
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was low compared to Fe2O3 (Table 2), and vanadium was not detected, only Fe3+ substitution
was considered in this study. A general formula of (Al2O3)(1-x)(Fe2O3)x(SiO2)2(H2O)2, was
adopted for kaolinite, where x was the Fe-Al substitution parameter for all kaolin group phases.
Refinement of Fe3+ substitution in the kaolinite structure during Rietveld analysis has been
previously implemented by Prandel et al. [65], [66]. The authors [65] pointed out that
substitution of Fe3+ for Al3+ results in an increase in the unit cell volume of the kaolinite
structure.
The following parameters were refined during Rietveld analysis in the current study:
scale factors, lattice parameters, zero shift, fifth-order regular polynomial for background fitting,
preferred orientation for all kaolin group phases in the (001) direction, peak shape parameters w,
coordinates of atoms, and the Fe-Al substitution parameter x. The value of the substitution
parameter, x, was controlled by comparison of the amount of the main oxides, SiO2, Al2O3, and
Fe2O3, determined by the Rietveld analysis, with that of the XRF analysis. The collected and
fitted patterns for the B4 sample are shown in Figure 21 as an example.

Figure 21: Rietveld refinement of B4 clay fraction. K = kaolinite, nacrite and dickite, C =
crandalite and Q = quartz (Rwp = 2.85, goodness of fit (χ2) is 1.85)
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Quantification of the total kaolin content in the selected samples ranged from
approximately 70 to 90 wt.% (Table 6). The RBragg values displayed in parenthesis for kaolinite,
dickite and nacrite show equally good refinement for these phases despite strong peak overlap.
All these clays are expected to have high reactivity on calcination due to their high kaolin
contents. Hematite was identified in all the clays, except A1 and B1, and was responsible for
their red color. Small amounts of quartz were also detected in the clay fractions, ranging from
0.4 to 3.8%, except for clay E, where the amount of quartz was 10.3%. The
amorphous/unidentified content of the samples may be due to the presence of allophane, which is
a general name for amorphous, hydrous aluminosilicates commonly found in natural clays [55],
[62], [179]. The highest amorphous content was observed in clay C. Comparative analysis of the
XRD and XRF results for this sample showed the presence of approximately 1 mass % of SiO2, 4
mass % of Al2O3, and less than 6 mass % of H2O in non-crystalline form.
Considering the possibility of nacrite- or dickite-like stacking, a combination of kaolinite,
dickite and nacrite crystal structures was used in the current investigation during Rietveld
refinement. This combination of structures was used to allow modeling of stacking faults and
does not necessarily indicate the presence dickite and nacrite in the samples. This combination of
crystal structures together with Fe3+ substitution as described prior, provided a visually good fit
for the disordered kaolinite (Figure 21). In addition, Rwp (weighted profile residual) and χ2
(goodness of fit) parameters were used to evaluate the quality of fit. Rwp values in the range of
2-10 and χ2 values close to, but greater than 1 are indicative of good refinement. It is noted that
refinement accuracy was poor when fitting the XRD spectra of the clay fractions, neglecting
polymorph stacking faults and isomorphic substitution.
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Table 6: Results of Rietveld analysis of the clay fractions

Kaolinite (wt.%)

ICSD

A1

B1

B2

B3

B4

C

D1

E

F

G

63192

59.5

49.4

57.9

54.4

41.0

49.7

51.8

51.4

62.6

55.6

(1.75)

(0.94)

(1.88)

(0.45)

(0.62)

(0.72)

(0.55)

(0.98)

(0.64)

(0.64)

9.9

14.1

9.0

17.7

18.1

10.2

10.6

12.4

12.8

11.9

(1.69)

(1.05)

(1.94)

(0.68)

(0.84)

(1.28)

(0.54)

(1.37)

(1.12)

(1.15)

20.2

23.9

17.6

11.2

23.0

10.4

16.0

7.6

10.5

10.2

(1.50)

(1.54)

(1.98)

(0.67)

(0.97)

(1.43)

(0.54)

(0.97)

(1.09)

(0.96)

89.6

87.4

84.5

83.3

82.1

70.2

78.4

71.4

85.9

77.7

0.00341

0.0128

0.0473

0.1874

0.0694

0.00538

0.1543

0.01301

0.0147

0.0310

1.0

0.8

1.0

1.2

2.6

1.5

0.5

0.1

0.9

0.5

0.7

0.1

0.4

0.1

1.0

1.0

1.4

*Kaolinite RBragg
Nacrite (wt.%)

80083

*Nacrite RBragg
Dickite (wt.%)

52398

*Dickite RBragg
Total kaolin content
(mass %)
Substitution x
Illite (wt.%)

90144

Crandallite (wt.%)

6195

Hematite (wt.%)

182839

Gibbsite (wt.%)

6162

Anatase (wt.%)

9852

Quartz (wt.%)

41414

Amorphous / unidentified
(wt.%)

0.6

1.3

3.3

1.1

1.6

1.1

1.2

0.7

1.0

0.9

0.8

0.8

1.7

0.4

1.9

1.2

2.0

0.6

2.4

10.3

1.5

3.8

8.2

10.2

10.7

12.7

13.5

24.2

16.6

12.5

10.8

15.4

*The agreement 𝑅𝐵𝑟𝑎𝑔𝑔 = (∑|𝐼𝑘𝑂 − 𝐼𝑘𝐶 | / ∑ 𝐼𝑘𝑂 ) × 100(%) values for individual kaolin phases are given in brackets, where 𝐼𝑘𝑂 and
𝐼𝑘𝐶 are observed and calculated intensities for phase k.
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The amount of iron substitution in the kaolin group phases varied from approximately
0.003 (A1) to 0.19 (B3). The total iron content of clays, calculated based on these values and the
amount of hematite determined by Rietveld analysis, were in good agreement with the amount of
iron determined by XRF. Incorporation of iron into kaolinite crystal structure results in a shift of
the (060) reflection of kaolinite to lower 2θ angles. This shift increases with increasing Fe
substitution. The (060) kaolinite reflection for all the clays is presented in Figure 22. The
intensity scale in Figure 22 is given for clay A1, while the curves for the other clays are shifted
in the vertical direction to avoid superposition of the collected diffractograms. The collected
XRD patterns are displayed in the order of increasing Fe substitution. There is a clear shift
between the (060) kaolinite reflection of clay A1, with the lowest amount of Fe substitution, and
the reflection of clay B3 with the highest amount of Fe substitution, indicated by the blue and red
vertical lines, respectively.

Figure 22: Kaolinite (060) reflection from the diffraction patterns of the clay fractions
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Comparison between the total amount of kaolin determined from XRD (Table 6) and that
calculated based on stoichiometry (Table 2) showed that in most cases stoichiometric calculation
provided a reasonable estimate of the kaolin content. These estimates were approximately within
5 wt.% of the XRD results, with the exception of clay C, where the stoichiometric estimate of
kaolin content was over 13% higher than the XRD quantification. Clay C had the highest amount
of amorphous/unidentified material, attributed to amorphous aluminosilicates given the excess
alumina and silica oxides from XRD refinement compared to the XRF analysis, which explains
the high stoichiometric value for kaolin.
3.5.3 Thermogravimetric Analysis
TGA measurements were performed using an SDT Q600 series simultaneous
TGA/differential scanning calorimeter (DSC) manufactured by TA Instruments. Approximately
5 mg of each sample were scanned up to 1000°C in an open platinum crucible under an inert
nitrogen atmosphere. It has been indicated in the literature that the heating rate can have a
significant effect on the observed dehydroxylation temperatures and resolution [180]. Therefore,
three heating rates of 5, 10, and 20°C/min were initially compared for A1 clay and are shown in
Figure 23.

Figure 23: TGA heating rate comparison for the A1 clay fraction
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As expected, an increase in the heating rate shifted the dehydroxylation temperatures to
higher values, but the initial and final weight percentages were very similar. Since all three
heating rates produced similar results, the heating rate of 20°C/min was selected and used for all
the samples.
As recommended by [180], a derivative of the weight loss data was taken to improve data
resolution. This differentiation of thermogravimetric results is referred to as differential
thermogravimetry (DTG), an example of which is shown in Figure 24. In the DTG curve, the
dehydroxylation of kaolin minerals are characterized by a large endothermic peak which
corresponds to the loss of structural water. DTG was used to identify the beginning and end of
dehydroxylation period. It is widely accepted that kaolin group minerals: kaolinite, nacrite, and
dickite undergo dehydroxylation between 450˚C - 600°C, depending on particle size and degree
of disorder of kaolinite, as well as measurement conditions [181]. It can be observed (Figure 24)
that all dehydroxylation of clay minerals was completed by approximately 650°C.

Figure 24: TGA/DTG example of high purity kaolin
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In addition to identifying the temperatures of the dehydroxylation period, the TGA curve
was used to quantify the amount of kaolin in each clay sample. Two TGA quantification methods
were considered: tangential and stepwise. In the stepwise method, the mass at the end of the
dehydroxylation period is subtracted from the mass at the beginning of dehydroxylation period
[180]. Although this method is convenient and easy to use, it does not take into account the mass
loss coming from other minerals that may also be occurring at the beginning or end of the
dehydroxylation period. The tangential method takes this into consideration by drawing a tangent
line at the onset, offset, and point at which the rate of the thermal event is occurring most
rapidly. The intersection of these tangents then becomes the temperature range used to compute
the weight loss due to a specific thermal event. By using these intersecting tangents, a reduced
weight loss due to a thermal event is observed if more than one thermal event is occurring at the
temperature of onset or offset. This method results in a more accurate TGA quantification of clay
minerals, since some minerals are seen to decompose within overlapping temperature intervals
[180]. Thus, the tangential method was employed for quantifying clay minerals as illustrated in
Figure 25.

Figure 25: Illustration of TGA tangential analysis
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TGA and DTG curves for all the samples are presented in Figures 26-35.

Figure 26: Clay A1 TGA and DTG profile

Figure 27: Clay B1 TGA and DTG profile
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Figure 28: Clay B2 TGA and DTG profile

Figure 29: Clay B3 TGA and DTG profile
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Figure 30: Clay B4 TGA and DTG profile

Figure 31: Clay C TGA and DTG profile
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Figure 32: Clay D1 TGA and DTG profile

Figure 33: Clay E TGA and DTG profile
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Figure 34: Clay F TGA and DTG profile

Figure 35: Clay G TGA and DTG profile
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Figures 26-35 show that most of the clays showed mass loss events occurring in the
temperature range of 200 - 350°C. These mass losses were quantified using the tangential
method functionality of the TA Universal Analysis software by TA Instruments, and are listed in
Table 7. This phenomena could possibly result from dehydroxylation of metal hydroxides such
as gibbsite, iron oxyhydroxides, amorphous aluminosilicate hydrates or from the evaporation of
adsorbed water in the presence of clay minerals [32], [182], [183]. Although the presence of
gibbsite and hematite was identified by XRD in the samples with mass loss in the range of 200 350°C, the maximum mass loss (Table 7) was greater than the maximum amount of water
content associated with these minerals thermal decomposition (Table 6). Therefore, it appears
that at least part of this mass loss was due to evaporation of strongly adsorbed water and
amorphous minerals. Hence, the mass loss in the temperature range of 200 - 350°C was reported
as weight percent and not ascribed to any specific mineral or set of minerals. The weight loss
reported was normalized to the mass of sample at 110°C after all residual free water was
removed.
Table 7: TGA mass loss (200°C-350°C)
Clay ID
A1
B1
B2
B3
B4
C
D1
E
F
G

Mass Loss
(wt.%)
0.0
0.0
0.6
2.1
1.2
3. 3
2.0
1.6
1.0
0.4
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The tangential method was also used to calculate the mass loss of water mloss during the
dehydroxylation period. Avet et al. [14] reported using a fixed temperature range of 400-600°C
to quantify kaolin content in their samples. However, it was observed in this study that the onset
of kaolin dehydroxylation period varied somewhat between the samples, possibly indicating a
variability in the degree of disorder. Therefore, the onset of dehydroxylation was identified as a
minimum in the DTG curve between 300 and 400°C. The end of the dehydroxylation period was
taken as the temperature of 800°C for all the samples since no additional mass loss occurred
between 650 and 800°C. The tangent method was used to determine the mloss for each sample
using the TA Universal Analysis software. The value of mloss was then used to quantify the
amount of stoichiometrically ideal kaolinite (mK) in each clay fraction according to Equation 11.
M

mK = mloss 2M K

Equation 11

H2 O

where MK is the molar mass of kaolinite (258.13 g/mol) assuming an ideal chemical formula
with no isomorphous substitutions (Al2Si2O5(OH)4) and MH2O is the molar mass of water (18.0
g/mol). As discussed prior, iron substitution for aluminum in the structure of kaolin minerals was
anticipated and accounted for during XRD refinement. Therefore, for applicable comparison of
the TGA and XRD analysis results, the kaolin content determined by TGA was corrected to
account for the amount of iron from XRD refinement. In order to account for iron substitution,
the mK value was corrected using Equation 12.
mK (x) = mK [1 + x

MFe2 O3 −MAl2O3
MK

]

Equation 12

where MFe2O3 = 159.69 g/mol and MAl2O3 = 101.96 g/mol are the molecular masses of iron
and aluminum oxides respectively.
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Since TGA, unlike XRD, does not rely on the degree of crystallinity for mineral
identification or quantification, it was used as a complimentary technique to verify the results of
Rietveld refinement. Uncorrected kaolin content, calculated using Equation 11, was then
corrected for iron substitution according to Equation 12 (Table 8). The largest difference
between results was 7.7 wt.% for clay B3, which contained the highest amount of Fe2O3 (Table
2) and had the highest Fe3+ substitution parameter x (Table 6). When the corrected kaolin
contents were compared to the results of Rietveld refinement (Table 6), a maximum difference of
5.4 wt.% (clay E) was observed between the two techniques. For most of the samples, the
difference in kaolin contents obtained from TGA and XRD was less than 5 wt.%, indicating
good agreement between these techniques.
Table 8: TGA kaolin quantification of the clay fractions
Clay ID

A1
B1
B2
B3
B4
C
D1
E
F
G

Kaolin Content
(wt.%)
(no substitution)
94.3
90.9
79.2
75.5
82.2
75.2
73.9
76.6
86.2
79.8

Corrected Kaolin Content
(wt.%)
(with Fe substitution)
94.4
91.1
80.1
78.7
83.5
75.3
76.5
76.8
86.5
80.4

Difference in Kaolin Content
between XRD and TGA
4.8
3.7
-4.4
-4.6
1.4
5.1
-1.9
5.4
0.6
2.7

The nature of the amorphous content in clay C was evaluated with TGA/DTG analysis.
Russell and Fraser [62] stated that the presence of allophane, which is a general name for
amorphous aluminosilicates, in a mixture cannot be identified through FTIR as it has diffused
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hydroxyl stretching bands that are obscured in the presence of other minerals. However, its bands
can be removed by heating the sample to 350˚C, which will result in the decomposition of its
structure [62]. In clay C, a broad, poorly-defined peak was observed in the DTG curve in the
200-350˚C range (Figure 31). Weight loss in this temperature range can also be due to
dehydroxylation of metal hydroxides [182], [183]. The presence of gibbsite (Al(OH)3) was
identified in the XRD analysis in clays C and E. However, the DTG peak observed in the 200350˚C range for clay E (Figure 33) was well defined, as expected from the decomposition of
highly crystalline minerals. Furthermore, the gibbsite decomposition peak published in the
literature is very similar to that seen for clay E. The broad TGA peak, high amorphous content
and excess alumina and silica oxide compositions computed post XRD refinement comparison
with the XRF results all suggest the presence of amorphous aluminosilicates in clay C [182],
[183].
In addition to TGA, differential scanning calorimetry (DSC) measurements were carried
out for four of the 10 clay samples at the Florida Department of Transportation State Materials
Office (SMO) because the instrument used for previous analysis was only capable of reaching a
maximum temperature of 1000°C. The SDT Q600 series simultaneous TGA/ DSC manufactured
by TA Instruments was used for the DSC measurements with the same settings as for TGA
measurements, except that the maximum temperature was increased to 1500°C. A DSC can
measure heat flow resulting from phase transitions, such as glass transitions, which are not
accompanied by mass change and would not be detected by TGA [180].
DSC was used to evaluate the potential presence of amorphous silica in the samples.
Amorphous silica can lead to concrete deterioration due to alkali aggregate reaction (AAR)
[184]. It has been reported in the literature that amorphous silica is exothermically converted to
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cristobalite around 1200˚C [103]. A small exothermic peak around 1200˚C (Figure 36) was
observed in clay B4 suggesting only trace amounts of amorphous silica. The peaks between 900
and 1000˚C were attributed to precipitation of spinel and mullite, which are known to crystalize
at 925˚C and 1050˚C respectively [103]. The peak between 400 and 600˚C was due to the
dehydroxylation of kaolin.

Figure 36: Clay fractions A1, B4, C and D1 DSC heat flow curves
3.6 Conclusions
Field samples were obtained from 20 potential clay sources identified in the state of
Florida. After preliminary characterization with XRD, 10 samples were selected for further
quantification. The samples were wet-sieved on the 45-μm sieve to separate the predominantly
clay material passing through from the predominantly sand material that is retained. ASTM C618
[86] limits the amount retained on the sieve (greater than 45 μm) to a maximum of 34%. The
amount retained ranged from approximately 65 to 90%, indicating that these materials must be
beneficially processed before they can comply with ASTM C618. The clay fractions finer than
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45 μm met the C618 chemical oxide composition requirements: minimum of 70.0% for
SiO2+Al2O3+Fe2O3 and SO3 content of less than 4%.
After characterizing the mineralogy of the sampled clays in great detail, it is determined
that Florida possesses a number of moderately high kaolin content (70-90 mass %) raw clay
sources that appear to be suitable for the production of pozzolanic materials through calcination.
Although there was no good agreement between crystallinity indices based on FTIR and XRD, it
was concluded that kaolin present in most of the clays was partially ordered or disordered, which
is expected to translate to good reactivity of these materials upon calcination. The use of a
combination of kaolinite, nacrite and dickite crystal structures and refining the iron substitution
parameter provided a good fit of the collected XRD diffractograms regardless of the degree of
disorder. Comparison of the kaolin content obtained from Rietveld refinement to that obtained
from TGA showed that both techniques provided similar results, which validates the proposed
approach to Rietveld quantification of disordered kaolinites with the combination of kaolinite,
nacrite and dickite crystal structures. Stoichiometric calculation also provided results comparable
to XRD and TGA for all the clays, except for one sample where a large overestimation of kaolin
content was observed. This was attributed to the presence of amorphous aluminosilicates given
the reported mineralogy using XRD and TGA. Therefore, stoichiometric quantification of kaolin
based on chemical oxide analysis should be used with caution.
Although Florida kaolins appear to be suitable for potential use as supplementary
cementitious materials based on mineralogical characterization of the raw clays, further study is
needed to determine their pozzolanic activity after calcination and the effect of the calcined
materials on fresh and hardened concrete properties.
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Chapter 4: Clay Calcination and Evaluation of Pozzolanic Reactivity3

4.1 Introduction
A primary goal of this research was to identify local sources of clay in the state of Florida
that may potentially be used as supplementary cementitious materials (SCMs) in concrete. Clays
themselves are not reactive and have to be calcined to obtain a pozzolanic material. It has been
reported in the literature that the highest pozzolanic activity results from the calcination of
kaolinite. Pozzolanic activity increases with the amount of calcined kaolinite [95]; therefore, the
calcination procedure employed should be such that it results in dehydroxylation of all the
kaolinite present in the sample. At the same time, calcination should be done at the lowest
temperature possible in order to minimize operating costs. The objective of this phase of this
study was to select an appropriate calcination procedure and evaluate pozzolanic activity of the
calcined clay samples using mortar compressive strength measurements following ASTM C109
[185]. Provided the calcined clay blended systems comply with ASTM C109, their use as natural
resources for SCM is verified

3

The content presented in Chapter 4 has been written with permission from the published open access report
conducted by USF for a funded project under the Florida Department of Transportation (FDOT) with contract
number BDV25-977-38 (Appendix B.2 for permission).
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4.2 Identifying an Appropriate Calcination Temperature
On heating, kaolin minerals transform from a crystalline structure into amorphous
metakaolin after complete dehydroxylation. This process may be followed by XRD, by
visualizing the broadening and decrease in peak intensities of the well-defined kaolin minerals as
the sample is heated to higher temperatures. XRD peaks for kaolin disappear completely as all
the kaolin is converted to metakaolin.
TGA results (Figures 26-35) showed that the end of the dehydroxylation period was
observed around 600˚C for all the clay samples, except A1, where a small mass loss was
recorded beyond 600˚C. Therefore, A1 was selected for a detailed study of mineral
transformations on heating. A1 samples were heated to various temperatures, and the clay
fractions (passing the 45-μm sieve) were analyzed with XRD. Clay samples were heated in a
3500-watt Lindberg box furnace capable of heating up to 1100°C. The following temperatures
were used in this study: 110, 200, 300, 400, 425, 450, 460, 465, 470, 475, 500, 525, 550, 600,
and 800˚C. A step size of 100˚C was selected up to the temperature of 400˚C since TGA analysis
showed the onset of dehydroxylation to be at approximately 350˚C, and no other thermal events
were recorded at lower temperatures. Between 400˚C and 600˚C, a smaller step size was utilized
in order to observe the change in the A1 diffraction pattern during dehydroxylation. After 600˚C,
the sample was heated to 800˚C to ensure complete dehydroxylation.
XRD scans were collected using identical equipment and procedures to that reported
prior for the clay fractions. The collected diffraction patterns are presented in Figure 37 with the
lowest curve corresponding to 110°C and subsequent scans taken at higher temperatures are
offset above incrementally. No changes in the diffraction patterns occurred between 110 and
400˚C; therefore, the XRD scans collected at 200˚C and 300˚C were omitted from this figure.
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The scan at 525˚C was not included either as the changes were minor compared to the data
collected at 500˚C and 550˚C. The intensity of kaolin peaks, identified in Figure 21, began to
decrease at 460˚C (Figure 37). Peak magnitude continues to decrease with further increase in
temperature and complete disappearance of kaolin peaks were observed at 600˚C. No significant
changes in the XRD pattern was observed with the increase in temperature from 600˚C to 800˚C.
Therefore, 600˚C was selected as the calcination temperature for pozzolanic preparation of all
the clay samples.

Figure 37: A1 XRD patterns after heating for 1 hour at different temperatures
75

4.3 Clay Calcination
The unsieved material collected from field was used for calcination. The samples were
calcined in ceramic crucibles at 600°C for 1 hour in the Lindberg box furnace and allowed to
cool to room temperature. The box furnace was equipped with a basic Eurotherm controller
without any controlled heating rate capability. The heating rate of this furnace was calculated to
be approximately 20°C/min. After calcination, the material was gently ground by hand with
mortar and pestle in order to break up the clumps. A portion of the calcined material was sieved
on the 45-μm sieve, and the fraction finer than 45 μm was analyzed by XRD to ensure complete
calcination for each sample.
In addition to heating at 600˚C, all the samples were also calcined at 800˚C to be
analyzed using XRD for further verification of complete calcination. The XRD scans were
collected using the settings described prior and analyzed using Rietveld refinement. The MAC
value for the calcined fraction finer than 45 μm was calculated based on chemical oxide analysis
reported in Table 2, except the loss on ignition (LOI) content was not taken into account as any
water would have been lost during the calcination process.
Rietveld refinement was used in order to calculate the amorphous contents of the calcined
clays at both 600 and 800°C (Table 9). As discussed, kaolin minerals become amorphous after
calcination. Therefore, an increase in amorphous content from 600 to 800˚C would indicate a
continuing process of dehydroxylation. However, no appreciable increase in amorphous content
was observed between samples calcined at these temperatures (Table 9), which indicates that the
dehydroxylation process was completed by 600˚C.
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Table 9: Amorphous content of the samples calcined at 600°C and 800˚C

A1

Amorphous content (wt.%)
after calcination at 600˚C
99.9

Amorphous content (wt.%)
after calcination at 800˚C
99.8

B1

98.0

98.4

B2

96.3

96.8

B3

93.9

94.6

B4

95.7

94.9

C

97.4

97.5

D1

94.8

94.6

E

95.0

94.2

F

95.9

96.0

G

96.5

96.5

Sample ID

4.4 Calcined Clay Blended Mortar Compressive Strength
Since the mineralogy of the material calcined at 600°C and 800˚C was very similar,
pozzolanic activity was tested only for the 600°C calcination temperature. Pozzolanic activity
was evaluated in terms of mortar compressive strength at 10 % cement replacement. A Type I/II
portland cement (PC) was used in this study. PC Blaine fineness was determined to be 377 m2/kg
in accordance with ASTM C204 [186]. PC was also characterized in terms of its oxide chemical
composition determined using XRF according to ASTM C114 [165], the results of which are
listed in Table 10. Its potential compound composition was calculated following ASTM C150
[187], and the results are depicted in Table 11. Table 11 includes potential phase compositions
both with and without the adjustment for the limestone addition. Information regarding the
percent limestone added to PC (1.3 wt.%) was obtained from the mill certificate.
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Table 10: Elemental oxide composition of PC

SiO2

Oxide
(wt.%)
21.19

Al2O3

5.00

Fe2O3

3.24

CaO

63.26

MgO

0.91

SO3

3.40

Na2O

0.12

K2O

0.23

TiO2

0.25

P2O5

0.22

Mn2O3

0.10

SrO

0.08

Cr2O3

0.02

ZnO

0.04

L.O.I. (950°C)

1.99

Total

100.07

Na2Oeq

0.27

SO3/Al2O3

0.68

Analyte

Table 11: Potential PC phase composition using Bogue relationships

C3 S

Without Limestone
Correction
49

With Limestone
Correction
48

C2 S

24

24

C3 A

8

8

C4AF

10

10

C4AF+2C3A

25

25

C3S+4.75C3A

85

84

Phase
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PC mineralogical composition was determined from XRD analysis conducted in
accordance with ASTM C1365 [188] using the external standard method as described previously
for characterizing all clay samples, except the angular range was 7-70˚ 2θ. The MAC value for
PC was based on its chemical oxide compositions listed in Table 10. Loss on ignition content
was attributed to carbonate decomposition and release of CO2.
Prior to XRD measurements, PC was wet-ground in ethanol in a McCrone micronizing
mill to a particle size between 1 and 10 µm. The wet grinding method was used to minimize
temperature increases during grinding to avoid dehydration of gypsum to hemihydrate or
anhydrite. The samples were then dried in an oven at 40°C.
Selective dissolutions were performed on the as-received cement in order to aid the
identification of the minor phases as well as the C3S and C3A crystal structures. Salicylic
acid/methanol (SAM) extraction was performed to dissolve the silicates and free lime and to
isolate a concentrated residue of aluminates, ferrites, and minor phases, such as periclase,
carbonates, alkali sulfates, and double alkali sulfates [189], [190]. Potassium hydroxide/sucrose
extraction was used to dissolve aluminates and ferrites and obtain a residue of C3S, C2S, alkali
sulfates, and MgO [189].
The results of PC phase quantification using Rietveld analysis are listed in Table 12. The
values of C3S, C3A and ferrite determined through XRD were lower compared to the Bogue
calculation, while the amount of C2S was higher. The discrepancy between the Bogue calculation
and XRD is well-established in the literature [189], [191], [192].
Mortar cubes were prepared following ASTM C109 [185] and ASTM C305 [193], except
the water-to-cementitious materials (w/cm) ratio. ASTM C109 [185] specifies that when
cementitious materials other than portland cement are used in preparing mortar, the amount of
79

mixing water should be adjusted to maintain a constant flow of 110 ± 5. However, w/cm is a
major factor affecting compressive strength [2]. Since the objective of this study was to compare
compressive strength development of mortars prepared with different calcined clays, w/cm ratio
was maintained constant at 0.485 in order to eliminate it as a variable. After demolding, the
cubes were stored in saturated lime solution and their compressive strengths were tested at 7 and
28 days.
Table 12: PC XRD phase composition
Phase

Composition
(wt.%)

C3 S

42.9

C2 S

30.2

C3 A

5.8

Ferrite

9.7

Gypsum

5.0

Hemihydrate

1.0

Calcite

1.2

Portlandite

0.5

Amorphous/ unidentified

3.7

Since calcination was done on the unsieved material, calcined samples contained both the
clay and the sand fractions as determined in Table 1. In order to maintain the amount of cement
replacement by the calcined clay constant, the total amount of calcined material added was based
on replacement of PC with a percentage of the clay fractions. The amount of Ottawa sand (OS)
added to mortar mixtures was then adjusted to account for the amount of sand contained in the
calcined material. The mix designs for all the mortars are listed in Table 13. The following
naming convention was used for the mix designs: 10X-600-1, where 10 was the cement
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replacement level (wt.%), X was the ID of the calcined material, 600 was the calcination
temperature (°C) and 1 referred to the duration of calcination (hours).
Table 13: Calcined clay mortar mix designs
A1

B1

B2

B3

B4

C

D1

E

F

G

PC (g)

450

450

450

450

450

450

450

450

450

450

OS (g)

1,207

1,271

1,159

1,224

1,236

1,176

1,282

947

1,213

1,223

217

153

266

200

188

248

142

477

211

201

50

50

50

50

50

50

50

50

50

50

167

103

216

150

138

198

92

427

161

151

242

242

242

242

242

242

242

242

242

242

Calcined
material
(g)
Clay from
calcined
material
(g)
Sand from
calcined
material
(g)
Water (g)

The mix designs used for a selected set of control mixtures are listed in Table 14. The
common Control mortar contained only PC and OS. Individual control mixtures were prepared
for the first five calcined clays that contained only PC, but the same portion of OS was replaced
by the sand from the calcined material as in the respective calcined clay mixtures (Table 13). The
individual controls were only tested at 7 days.
Figure 38 presents the compressive strength results for all the calcined clay mixtures and
the Control presented in Table 13. Additionally, the strength activity indices (SAI), percentages
of the Control mortar’s strength at both ages were calculated for all the clay mixtures, and the
results are listed in Table 15.
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Table 14: Calcined clay control mortar mix designs
Control

Control
A1

Control
B1

Control
B2

Control
B3

Control
B4

PC (g)

500

500

500

500

500

500

OS (g)

1,374

1,207

1,271

1,159

1,224

1,236

Sand from
calcined clay (g)

0

167

103

216

150

138

Water (g)

242

242

242

242

242

242

Figure 38: Compressive strengths of 10% calcined clay mortars at 7 and 28 days
Table 15: SAI of 10% calcined clay mortars at 7 and 28 days
Mix ID

Strength Activity Index
7 days

28 days

10A1-600-1

93 %

89 %

10B1-600-1

77 %

79 %

10B2-600-1

86 %

90 %
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Table 15 (Continued)
Mix ID

Strength Activity Index
7 days

28 days

10B3-600-1

73 %

76 %

10B4-600-1

83 %

79 %

10C-600-1

81 %

76 %

10D1-600-1

81 %

84 %

10E-600-1

86 %

83 %

10F-600-1

88 %

86 %

10G-600-1

85 %

86 %

It may be seen that at 7 days, compressive strengths of the calcined clay mortars were
greater than 75% for all the samples, except 10B3-600-1. However, by 28 days, the strength
activity index was at or above 76% for all the mixtures. Clay mixtures were also compared to a
mortar mixture made using a 10% PC replacement with a Class F fly ash (10FA), the results for
which were reported in earlier studies [194], where a SAI of 84% and 86% with respect to the
PC control were computed at 7 and 28 days respectively. A majority of the clay mortars showed
similar performance to that of 10FA at 7 days, with exception of 10B1-600-1 and 10B3-600-1
mixtures. At 28 days, only half of the clay mortars were comparable to the fly ash mix, with
10B1-600-1, 10B3-600-1, 10B4-600-1 and 10C-600-1 showing lower values. However, this
difference could be due to the replacement of OS.
In order to eliminate the variability in the sand gradation, compressive strengths of the
first five calcined clay mixtures were compared to their respective controls, where a portion of
OS sand was replaced with the sand coming from the calcined material (Figure 39). When
compressive strengths of the calcined clay mixtures were compared to their respective controls,
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the strength activity indices at 7 days were higher than 75%, even for the 10B3-600-1 mixture
(Table 16).

Figure 39: 7 Day calcined clay mortar strength comparisons to clay control mortars
Table 16: Calcined clay mortar SAI with respect to clay control mortars
Mix ID

Strength Activity Index at 7 days

10A1-600-1

90 %

10B1-600-1

83 %

10B2-600-1

86 %

10B3-600-1

84 %

10B4-600-1

83 %

Compressive strengths of the Control A1, B2, and B4 mortars were very similar to that of
the common Control mixture, while the compressive strengths of Control B1 and B3 mortars
were lower, which is consistent with the trend observed in Figure 38 at 7 days, where 10B1-6001 and 10B3-600-1 mixtures had the lowest compressive strengths. Nevertheless, performance of
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all the mixes were improved when eliminating the contributions due to the natural fine aggregate
present in each sample and presented strengths very similar to that of a 10FA mortar.
Only a rough increasing linear relationship was observed between clay kaolin content and
compressive strength measurements. This was expected as kaolin structural disorder and clay
microstructural properties too contribute to strength development uniquely, as discussed
previously during the literature review section. Furthermore, the LGK with progressively lower
kaolin content used in this study presented greater structural disorder, surface area and porosity.
Although, only the microstructural properties of the four representative LGK samples (A1, F, G,
D1) to be used for rheological modeling research were compared with the strength data (Figure
38). An investigation of these properties in greater detail will be presented in Chapter 5. Bich
[69] indicated higher kaolin content and structural disorder contribute to strength gain at later
ages, whereas system Blaine fineness correlated with strength gain at early ages. It is emphasized
that the high surface area of the lower kaolin clays is attributed to their high porosity which is
typically reported to reduce system strength. Thus a trade off exists for optimal strength given
that the more porous clays have greater structural disorder, yet were less pure in kaolin. Despite
the differences in clay degree of disorder and microstructural properties, kaolin content is the
most significant parameter influencing strength gain.
4.5 Conclusions
A detailed incremental temperature study performed for clay A1 showed that complete
dehydroxylation of the clay samples occurs at 600˚C. All Florida clays of interest were calcined
at 600 and 800˚C and their amorphous content were quantified using Rietveld refinement. No
change in amorphous content was detected on heating above 600˚C, confirming that all the clays
were completely dehydroxylated at this temperature.
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Pozzolanic activity of the material calcined at 600˚C was evaluated by compressive
strength testing at 7 and 28 days. The results showed that the Florida kaolinitic clays obtained are
capable of being calcined to produce a pozzolanic material that can be used to replace portland
cement in concrete and yield similar compressive strengths to those achieved with 10% Class F
fly ash, and therefore, appear to be suitable for producing a supplementary cementitious material
for use in concrete.
Pozzolanic activity of the Florida clays post calcination at 600˚C was evaluated by mortar
compressive strength testing at 7 and 28 days. The results showed that the clays obtained are
capable of being calcined to produce a pozzolanic material that can be used to replace portland
cement in concrete and yield strength indices that meet the requirements of ASTM C618 [86] at
a 10% replacement level. Furthermore, all calcined clay mortars yielded similar compressive
strengths to that achieved with 10% Class F fly ash as a cement replacement. This exposes their
potential as a possible SCM replacement for fly ash.
Although, strength gain seemed to be dominated by clay kaolin content, greater porosity
and degree of disorder was observed in the lower kaolin content clays, which respectively
reduces and improves strength development. Nonetheless, the obtained clays are considered
suitable for use in concrete as Class N natural pozzolans.

86

Chapter 5: Rheological Behavior and Modeling of Calcined Clay Cement

5.1 Introduction
The flow performance of cementitious systems is a critical aspect to consider when
assessing the feasibility of field mix designs, controlling system pump-ability, formwork filling,
consolidation and self-compaction, which are vital properties for structural concrete.
The most commonly used standardized techniques for analyzing the flow performance of
fresh cementitious systems is limited to slump and the flow table which are simple and reliable
tests [24], [25]. Rheological tools have gained much attention in modern research for accurately
evaluating the effects of various constituents including SCMs and mixture proportions on
cementitious material-admixture interactions and optimizing flow performance.
Generally, cementitious systems are treated as Bingham plastic fluids (Equation 7), and
through rheological tools, rheological properties such as yield stress and viscosity may be
assessed. However, the published literature primarily use rheometers as black boxes, in which
the sample’s rheological properties are computed using numerical approximations of the fluid
profile in the testing cup. For accurate rheological properties to be determined, one must consider
the possible errors that arise due to the chosen rheometer geometry, transformation equations
employed, and flow controlling mechanisms in cementitious systems such as thixotropy,
structural breakdown, plug flow, particle segregation, and hydration reactions [138], [139].
These unique flow mechanisms strongly influence rheological measurements, and if precautions
to avoid these errors are not heeded, inaccurate rheological properties are determined. Published
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rheological studies on cementitious systems most commonly use a vane geometry and do not use
the conventional concentric cylinder or parallel plate geometries, neglecting any rigorous and
analytical transformation of raw rheometer data [147], [195], [196]. Rheometry data analysis
techniques such as the Reiner-Riwlin procedure presented previously are imperative to pursue
for ensuring rheometer equipment and experimental procedures do not induce measurement
errors, and that the raw data from the rheometer is transformed analytically into accurate and
usable fluid properties such as mixture yield stress and viscosity. In the current study, both the
helical ribbon and concentric cylinders geometries were used for rheological trials. The helical
ribbon was used as a comparative rheological tool whereas the concentric cylinders and ReinerRiwlin procedure were used for developing an accurate yield stress model based on raw material
properties.
In particular, the rheological literature available on calcined clay cements has
predominantly focused on the flow of cementitious mixtures containing metakaolin (MK), a
high-grade calcined kaolin clay, at cement replacement levels between 10-20 wt.% [3], [25],
[118], [145]. The physical and mineralogical characteristics of calcined LGK are much more
heterogeneous than those of MK. However, the intricate relationships between calcined LGK
blended cementitious system rheology and clay characteristics have not been addressed in a
systematic and detailed manner. The few modern studies which have addressed the rheological
behavior of calcined LGK blended cementitious systems do not emphasize the driving
mechanisms controlling mix flow through experimental material characterization, but rather
solely report the observed performance [54], [144], [145].
It has been established that the use of MK, as a cement replacement, leads to reduced
workability [44]–[47], [127], [137], [141]–[143]. The authors attribute the poor rheological
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performance of MK blended cements to the high surface area, platy particle geometry and Lewis
basic character (an affinity to adsorb water and flocculate with pore solution ions and hydration
products) of calcined clay. Thus, greater MK content causes the cementitious system to have
poorer solid packing and colloidal stability when compared to a system void of clay. This
follows the fundamental ideologies of Banfill, Hattori and Izumi and Talero et al. [129], [134]–
[136] who propose that the rheology of fresh cementitious systems, including concrete, are
governed by their colloidal stability where the mechanisms of reversible coagulation and
flocculation of components are prevalent. Aside from MK content, Cassagnabère et al. [143]
published a comprehensive research article revealing the effect of MK particle morphology,
surface area and porosity on the rheological performance of MK-portland cement blended
mortars. Mortar yield stress and viscosity increase with the addition of greater quantities of more
platy and elongated MK particles. Particle morphology is claimed to be controlled by the nature
and content of clay impurities [143]. This influence is similarly expected when using LGK, but
mineralogy and structural disorder including isomorphic substitutions varies widely from that
found in natural resources used for MK, even within a single mine. This heterogeneity influences
clay morphology and Lewis basic activity, which in turn is influential on the system’s rheology.
The literature reports higher surface area SCM, with a narrow particle size distribution, reduces
cementitious system workability. Yet, the physical and mineralogical effects of naturally impure
LGK on the blended system’s rheology have not been addressed. It is reiterated that rheology of
these systems is a critical aspect when considering implementation of these calcined clays and
their feasibility as SCM since their pump-ability and consolidation are co-dependent. Thus, a
major objective of the current research is to assess the effects of LGK particle characteristics and
mineralogy on the flow behavior of fresh cementitious paste. Furthermore, LGK structural
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disorder and the nature and content of impurities are expected to play a significant role in clay
particle characteristics and the blended system colloidal stability which controls system
rheology. However, these particular avenues of research have not been addressed in the
published literature.
This research investigates the effect of calcined LGK material properties on the blended
cement paste rheology. Several characterization techniques are used, including scanning electron
microscopy (SEM) for imaging particle morphology, nitrogen adsorption for measuring sample
surface area and porosity, laser particle size analysis for particle size distribution (PSD) and
quantitative X-ray diffraction (XRD) coupled with Rietveld refinement for paste mineralogy.
Furthermore, the colloidal stability of the blended systems’ are assessed using solid volume
packing density measurements and electro-chemical studies (zeta potential and ionic mobility).
The assessment of the blended paste colloidal characteristics would reveal if it controls the
rheology of calcined LGK blended paste; thus, verifying the propositions of Banfil et al., Hattori
and Izumi and Talero et al. [129], [134]–[136]. In turn, the results would provide knowledge,
currently not available in the published literature, that can assist in wider implementation of
LGK in concrete mixtures. By transforming and analyzing rheological data through the use of
the rigorous and analytical Reiner-Riwlin procedure, accurate yield stress and viscosity models
may be developed, which would allow for precautions to be taken in accommodating the
negative influence of calcined LGK by adjustment of the flow modifying admixture needed or
LGK processing conditions (separation and/or grinding) prior to inclusion as SCM.
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5.2 Methodology
5.2.1 Raw Materials
Four raw clays (A1, D1, F and G) were chosen for rheological studies with a Type I/II
portland cement (PC). The mineralogical analysis, discussed previously in Chapter 3, include a
multi-technique approach using XRF, FTIR, XRD, and TGA/DSC [41]. Although ten LGK were
characterized previously in Chapter 3, these four samples were selected for rheological study as
representative of all samples having the highest and lowest kaolin contents and degrees of
structural disorder. The kaolin content of clays A1, F, G and D1 were determined by TGA to be
94, 86, 80, and 74 wt.%, respectively. The raw clays, prior to separation of their aggregate, are
shown in Figure 40 and arranged by decreasing kaolin content and increasing structural disorder
from left to right.

Figure 40: As received LGK a) A1, b) F, c) G and d) D1
All fine aggregate separated from these LGK were graded following ASTM C136 [197],
[198] for the standard specifications of concrete aggregates. The fine aggregate, between sieves
No. 200 (74 µm mesh) and No. 325 (44 µm mesh), will be used for rheological study in order to
determine whether it may be used as fine aggregate in concrete mix design to improve
rheological performance. Clays used for rheological studies were calcined at 600°C. After
calcination, the samples were cooled to room temperature under ambient conditions.
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5.2.2 Calcined Clay Physical Characterization
5.2.2.1 Particle Morphology: Scanning Electron Microscope
Prior to their calcination, clays were ground in a rotary ball mill until passing sieve No.
100 (150 µm) to simulate the processing of these materials when used as SCM. Their particle
morphologies and surface characteristics were then imaged using a field emission Hitachi S800
Scanning Electron Microscope (SEM).
5.2.2.2 Surface Area and Porosity
The surface area and porosity of these materials were assessed using a Quantachrome
Autosorb-1 instrument with nitrogen as the adsorbate. The samples were outgassed under
vacuum at 110C immediately prior to analysis in order to remove any moisture or contaminants
from the sample surface. Specific surface areas (SSA) of calcined clays were computed using the
multi-point Brunauer-Emmett-Teller (BET) technique [199], [200]. Sample porosity was
assessed using the Barrett-Joyner-Halenda (BJH) method making use of the desorption isotherm
at relative pressures between 0.4 and 0.967 to assess mesoporosity [200], [201].
5.2.2.3 Particle Size Distribution
The particle size distribution (PSD) of the ground calcined clays, fine aggregates, and PC
were determined using HORIBA’s LA-950 laser scattering particle size analyzer following the
wet method. The dispersing liquids used for measuring the PSD of PC and calcined clays were
reagent grade ethanol and deionized water, respectively. The tests were conducted in triplicate,
and the averaged distributions, mean particle sizes, and PSD spans (Equation 13), describing the
width and broadness of the distributions are reported here [202].
Span =

D90 −D10
D50

Equation 13
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where D90, D50, and D10 are the particle sizes where 90, 50, and 10% of all particles present are
smaller than using a volume-based distribution.
5.2.3 Colloidal Stability
5.2.3.1 Paste Packing Density
A comparison of the solids packing efficiency of cementitious systems offers
comparative analysis of the system colloidal stability. The packing density was measured for
pastes using methods proposed by Lecomte et al. [157] using the water content required for
normal consistency (W.N.C.) according to ASTM C187 (Equation 14) [203].
∅=

1
1+ρP

W
P

Equation 14

where ρP is the specific gravity of the dry powder and W/P is the water to dry powder mass ratio
at normal consistency. This model assumes the free voids between particles is full of water and
does not take into account any entrained air [204]. The dry powder specific gravity was
determined following ASTM C188 [205] using kerosene as the fluid medium.
5.2.3.2 Electro Kinetic Analysis
The colloidal stability of the calcined clay pastes used during helical ribbon rheometry
were analyzed using an electro kinetic analysis of zeta potential and ionic mobility. A Malvern
Instrument nano-series Zetasizer was used to measure the zeta potential following
Smoluchowski’s expression and ionic mobility of these pastes. Methods used for paste analysis
were similar to those reported by Safi et al. [127] and Talero et al. [136], [206] where fresh paste
as prepared for rheological study was analyzed in a diluted aqueous solution. This electro kinetic
analysis provides for the missing literature detailing if calcined LGK blended cement rheology is
codependent on system colloidal stability. If a direct relationship is derived between paste
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rheology and electro kinetic properties, a model capable of predicting the flow properties of
calcined LGK blended systems may be developed.
5.2.4 Flow Measurements
5.2.4.1 Rotational Rheometry
The pseudoplastic flow behavior of cementitious systems has been described using a
variety of fluid models in a comprehensive review presented by Talero et al. [135]. However,
very commonly they are treated as Bingham plastic fluids (Equation 7) exhibiting a characteristic
yield stress and a linear viscoelastic behavior when subject to shear [43], [129], [138], [207],
[208].
The rheological behavior of fresh calcined LGK blended cements was assessed using a
TA Instrument Discovery hybrid rotational rheometer, model HR-2. A Peltier heating assembly
was used to maintain the mixture at a constant temperature (23°C) during rheological
measurements. Rheometer geometries and shearing procedures used are discussed further.
5.2.4.2 Helical Ribbon Experimental Design
Preliminary rheological studies were conducted using a standard 17 mm radius stainless
steel (SS) cup fitted with a SS helical ribbon geometry. The total solids mass was 50 g and a
constant water-to-solids ratio of 0.5 was maintained. The set operating gap between the bottom
of the cup and the tip of the helical ribbon is 1 mm. The helical ribbon geometry is shown in
Figure 41.
The mix designs used with the helical ribbon geometry include the following pastes: a
neat cement (Control), a binary blend at 20% cement replacement with ground calcined clay
(B20), 3 ternary blends where 20% of the cement mass was replaced with variable amounts of
calcined clay and the clay fine aggregate (T-19, T-18 and T-16), and one ternary blend (T-20)
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where 20% of the cement mass was replaced by calcined clay and an additional 4 % of the
cement mass was replaced with the clay fine aggregate (Table 17). The T-20 mix was used to
make direct comparisons with B-20 and T-16 in order to evaluate the effect of the sand fraction
on rheology of the calcined clay-cement mixtures.

Figure 41: Helical ribbon and cup rheometer geometry
All fresh pastes were prepared using an IKA WERKE low shear mixer for 3 minutes.
Immediately after mixing the sample was transferred into the rheometer cup and tested using a
programmed shearing routine (Table 18).
Table 17: Helical ribbon mixture design
Mix ID
Control
B20
T19
T18
T16
T20

PC
(wt.%)
100
80
80
80
80
76

Calcined Clay
(wt.%)
20
19
18
16
20

Fine Aggregate Fraction
(wt.%)
1
2
4
4

Clay : Sand
19:1
9:1
4:1
5:1
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Table 18: Helical ribbon shearing routine
1. 2 min. shear at 50 s-1
2. 2 min. rest
3. Increasing strain sweep 0.5 – 50 s-1

An average of 3 stress-strain profiles were obtained for each paste. A Bingham fluid yield
stress and viscosity were fitted to the linear viscoelastic region of the averaged stress-strain
profile and reported here. It is emphasized that the helical ribbon used for this rheological study
was used as a comparative tool to identify if there is a relationship between the mixtures’
rheological performance and the solids characteristics. The absolute values of all rheological
properties is expected to include errors induced by the shearing protocol and data transformation
procedure when using a non-conventional geometry to analyze cementitious systems’ rheology
[138], [139].
5.2.4.3 Concentric Cylinders Experimental Design
The helical ribbon rheology measurements were conducted to infer which material
properties control rheological behavior, but were limited. Assessment of system rheology using
the helical ribbon induces biases due to the shearing behavior of cementitious systems and the
rheometer’s data acquisition and transformation program to produce a stress-strain fluid profile.
ASTM C1749 [209] is a “Standard Guide for the Measurement of the Rheological Properties of
Hydraulic Cementitious Paste Using a Rotational Rheometer” and addresses the errors associated
with programmed shearing routines and the use of non-conventional geometries. In an effort to
avoid these errors and attempt rheological modeling, flow experiments were also conducted
using concentric cylinders geometry (15.2 mm radius SS concentric cylinder cup fitted with a 14
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mm radius SS conical DIN rotor) following the Reiner-Riwlin procedure [139], [140]. A photo
of the concentric cylinders rheometer geometry is shown in Figure 42.
The operating gap between the bottom of the cup and the tip of the DIN bob was 5.917
mm. The blended mixtures were designed identical to the B20 pastes (Table 17) with the
exception that a homogenous and standardized Ottawa sand (OS) passing sieve No. 30 was
added to increase the mixture mass in intervals of 5 wt.% up to 30 wt.% without adjustment to
the proportions of the cementitious materials. OS was added to these mixtures as a solid addition
in order to observe and isolate the rheological influences due to the inert filler particles. This will
also broader the particle size distribution of the solids to those used during the helical ribbon
measurements. The OS was first passed through sieve No. 30 to avoid measurement artifacts due
to particle sizes larger than 10% of the programmed geometry gap. These pastes are given an ID
of LGK_ID-X OS where X denotes the system mass increase with OS in 5 wt.% increments.

Figure 42: Concentric cylinders rheometer geometry
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All fresh pastes were prepared by mixing in an IKA WERKE low shear mixer for 3
minutes. Immediately after mixing the sample was transferred into the rheometer testing cup,
maintained at 23°C, and tested using a programmed shearing routine (Table 19).
Table 19: Concentric cylinders shearing routine
1. Sample conditioning at 10 s-1 for 10 s
2. Shear at 70 s-1 for 1 min.
3. Decreasing strain sweep 70 – 0.1 s-1

It is noted again that determination of the fitted yield stress and viscosity of pastes from
helical ribbon experiments relied on using the rheometer computed stress-strain profiles. It is
emphasized that when the concentric cylinders are used and fluid properties are determined
directly using the Reiner-Riwlin procedure, the raw rheometer torque and angular velocity data is
fitted to the analytically derived Bingham fluid model (Equation 10) [139], [140]. No such data
transformation techniques are possible using the non-conventional geometries including the
helical ribbon, and a compromise in using the rheometer’s programmed stress-strain output was
made previously. Averaged Bingham fluid properties were determined for pastes analyzed with
the concentric cylinders using data from three replicated mixtures.
5.3 Results and Discussion
5.3.1 Calcined Clay Physical Characterization
5.3.1.1 Particle Morphology: Scanning Electron Microscopy
The SEM images of all clays used for rheological study are presented in Figure 43. SEM
images of sample A1, which had the highest kaolin content, showed the pseudo-hexagonal, platy,
and layered stacking fault particle geometry of the kaolin minerals (Figure 43a). The rest of the
clays with lower kaolin contents, greater structural disorder, iron and amorphous content show
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less of a layered structure if at all and present greater degrees of agglomeration and particle
coarseness (Figures 43b-d). Iron oxide has been reported to exist in natural kaolin deposits not
only as discrete phases but also as deposited hematite and goethite coatings on kaolin particles
which contributes to particle coarseness [67], [98], [210]. According to Cassagnabère et al.
[143], it is expected that the more coarse, rounded, and structurally disordered kaolin clay
particles will facilitate system flow more readily than the higher-grade clays with a more platy
particle morphology. This suggests calcined clay A1 will have the most negative influence on
paste flowability as opposed to the more coarse and rounded clays.

a

b

c

d

Figure 43: SEM images of Florida kaolin clays a) A1, b) F, c) G and d) D1
It should be noted that the SEM image of clay D1 was taken at a lower magnification
than the other three clays due to issues with the SEM resolution attributed to its higher Fe2O3
content distorting the collected electron beam. Although these images were collected for the precalcined clays, their particle shapes and size distributions will be similar to their calcined
counterparts if calcination is performed at a temperature ≤ 600°C where no sintering takes place
[17], [32], [87], [89].
5.3.1.2 Surface Area and Porosity
The BET SSA and porosity of the calcined clays were well above PC ranging from 25–80
m2/g and 0.1-0.4 cm3/g with the highest kaolin content clay (A1) being at the lower bound (Table
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20). SSA and porosity were both observed to increase in clays with lower kaolin content, greater
structural disorder and impurity minerals.
Table 20: PC and calcined clay BET SSA and BJH mesoporous pore volume
Sample ID
PC
A1
F
G
D1

BET SSA
(m2/g)
0.4
25.36
36.36
43.93
80.67

Pore Volume
(cm3/g)
0.09
0.12
0.16
0.37

Higher SSA SCMs are typically reported to reduce system fluidity [43], [46], [47], [127],
[142], [143], [146], [147]. Thus, SSA measurements for the clay fractions suggest that D1 would
contribute most negatively to paste flow, which contradicts the notion made earlier (based on its
particle morphology compared to that of A1). Additionally, rheological implications from the
analysis of the SSA of clay A1 contradicts its expected negative influence on rheology given its
high kaolin content compared to the other clays.
Prevalent impurities in LGK such as stacking faults, isomorphic substitution, oxide
mineral coatings, and auxiliary crystalline and amorphous minerals contribute to forming high
SSA and porous clay particulates [29], [55], [211]–[216]. Furthermore, the literature established
MK content overwhelmingly dictates blended cementitious system rheology regardless of the
microstructural characteristics. Thus, the higher SSA of the lower kaolin content clays are
attributed to their porosities and are not necessarily indicative of a negative effect on flow.
Rather, the reactivity and solid packing properties of these materials would provide more
deterministic rheological implications.
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5.3.1.3 Particle Size Distribution
The cumulative particle size distributions (PSD) of all calcined clays are shown in Figure
44. Their mean particle size and PSD span is too displayed is Table 21.

Figure 44: Cumulative PSD for PC, calcined clay fractions and LGK fine aggregate (FA)
Table 21: PC and calcined clay mean particle size and PSD span
Sample ID
PC
A1
F

Sample ID
G
D1

Mean particle size
(μm)
9.75
17.57
33.31
Table 21 (Continued)
Mean particle size
(μm)
34.80
34.13

Span
2.03
2.11
1.44

Span
1.27
1.24

All calcined clay PSD and mean particle sizes were coarser than that of cement (Figure
44, Table 21). No significant differences were observed in the PSDs and mean particle sizes of
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calcined clays D1, F and G, while clay A1 was notably finer and is therefore expected to have a
more negative effect on blended paste flowability.
It is widely claimed that as SCM PSD becomes wider, greater packing properties result
and the blended paste workability and strength performance improves [87], [146]. The PSD span
(Table 21) was greater in calcined clays with lower SSA and porosity which is conventionally
reported to improve system flow. However, this suggests calcined clay A1 yields a more
workable paste than F, G, and D1, negating the expected influences when considering particle
morphology (Figure 43) and their variations in kaolin content.
5.3.2 Colloidal Stability
5.3.2.1 Paste Packing Density
The packing density of the B20 and T16 for rheological study were analyzed following
methods proposed by Lecomte et al. (Table 22) [157]. A low packing density implies lower
amounts of mixing water acting as a lubricating fluid between solid particles resulting in a
system with higher yield strength and viscosity [154].
Table 22: Calcined LGK blended paste packing density
Mix ID
PC
A1 B20
A1 T16
F B20
F T16
G B20
G T16
D1 B20
D1 T16

Packing Density
Ø
0.55
0.505
0.504
0.511
0.512
0.516
0.517
0.521
0.529
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It is noted that the packing density of blended pastes, incorporating calcined clay, is
lower than that of the PC control, indicating a higher degree of agglomeration. A decreasing
linear trend in packing density with increasing clay kaolin content is clearly observed in both the
binary and ternary pastes when considered individually (Figure 45). Furthermore, the addition of
fine aggregate as in the T16 pastes seems to result in improved flow performance when
compared to the B20 pastes.

Figure 45: Packing density relationship with kaolin content
The trend developed in Figure 45 follows experimental propositions made by Vance et al.
[46] where greater MK content in blended portland cement pastes caused greater agglomeration
and paste de-watering with corresponding reductions in packing density and flowability [27],
[46], [54]. However, LGK kaolin content is insufficient to fully describe paste packing density.
The bimodal packing effects caused by clay and fine aggregate particles seem to play a larger
role on system packing properties, which prevents clay kaolin content from being deterministic.
Thus, clay kaolin content and the packing effects of particles present as filler materials must be
considered for fully describing the packing density of calcined LGK blended cement pastes.
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It must be noted that a maximum increase in packing density of 1.5 % was observed
when comparing calcined clay D1-B20 and D1-T16 mixes. The binary and ternary packing
density comparisons of the A1, F, and G pastes revealed that replacement of calcined clay with
the chosen fine aggregates did not cause any notable influence. Talero et al. [136] reported
similar observations when investigating the effect of a quartz filler of similar size to that of each
clay fine aggregate, used in this study, on paste packing properties. It is crucial to note that
determination of paste packing density following Lecomte et al. [157] makes use of a mixture
water content required for normal consistency (WNC). However, the Vicat apparatus and
procedure used for WNC measurements in ASTM C187 [203] limits paste packing density from
being notably influenced by the small additions of fine aggregate used in this study. Thus, it is
emphasized that precautions be taken to ensure that when analyzing the packing density of
cementitious systems, the measurement techniques do not introduce any experimental biases.
5.3.2.2 Electro Kinetic Analysis
The electro kinetic study for analyzing the zeta potential and ionic mobility of the B20
and T16 pastes used during helical ribbon rheology experiments was conducted (Table 23).
Table 23: Zeta potential and ionic mobility of calcined LGK blended pastes
LGK
Mix
Design
Zeta
Potential
(mV)
Ionic
Mobility
(µmcm/Vs)

A1

F

G

-

D1

B20

T16

B20

T16

B20

T16

PC

1.35

2

1.83

2.1

2.21 2.33 2.65 2.68

2.89

0.1

T16

0.15 0.14 0.16 0.17 0.18

B20

0.2

0.2

0.22
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All LGK blended pastes possessed a lower zeta potential and ionic mobility than the
control paste (Table 23). This was anticipated from the literature detailing the effect of MK on
flow and implies that the addition of calcined clay results in paste agglomeration. Higher zeta
potential and ionic mobility both infer poorer colloidal stability and workability when compared
to the control paste. Secondly, all T16 pastes showed reduced zeta potential and ionic mobility
when compared to their respective B20 pastes. This observation notes that the additions of fine
aggregates aid in breaking the system agglomerates and correspondingly should improve the
blended pastes’ flow properties. Most interestingly, both electro-kinetic parameters in the B20
and T16 pastes were found to be linearly proportional to LGK kaolin content when assessed
individually (Figure 46).
The observed trends (Figure 46) are synonymous to those developed during packing
density investigations. A unanimous relationship between B20 and T16 measured electro kinetic
properties and clay kaolin content was not observed. This phenomenon is again attributed to the
inability of LGK kaolin content to adequately account for the bimodal particle packing effects
caused by inclusion of calcined clays and fine aggregate as filler materials. Nonetheless, a
decrease in zeta potential and ionic mobility is clearly observed in B20 and T16 pastes including
calcined clays with greater kaolin content. This relationship exposes the notion made previously
that the enhanced Lewis basic properties of calcined clays causes elevated levels of particle
agglomeration and reduced colloidal stability [43], [45]–[47], [141]–[143], [217]. Thus, as LGK
kaolin content decreases, a more stable and deflocculated paste results, which is expected to
correspond to improved flow performance. Although, filler materials also play a role in
dispersing agglomerates. These results are similar to those reported in the published literature on
the effect of MK content on rheological performance [45], [46], [142]. However, for an accurate
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understanding of system colloidal stability, both clay kaolin content and the effects of filler
materials must be considered.

Figure 46: B20 and T16 zeta potential (ZP) and ionic mobility (IM) with LGK kaolin content
5.3.3 Flow Measurements
5.3.3.1 Helical Ribbon Rotational Rheometry
After assessing the mineralogy of each clay and comparing their calcined microstructural
properties, the control, binary and ternary fresh paste mixtures (Table 17) were prepared for
rheological studies using the helical ribbon geometry. The stress-strain (shear rate) profiles
gathered for all pastes noted in Table 17 are shown in Figures 47-51. As discussed previously,
the linear viscoelastic region of all paste profiles were fitted using the Bingham fluid model
presented in chapter 2 section 8, and the corresponding paste yield stress and viscosity were
determined (Table 24).
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Figure 47: PC-LGK B20 paste stress-shear rate profile
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Figure 48: A1 binary and ternary pastes' stress-shear rate profiles
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Figure 49: F binary and ternary pastes' stress-shear rate profiles
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Figure 50: G binary and ternary pastes' stress-shear rate profiles
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Figure 51: D1 binary and ternary pastes' stress-shear rate profiles
Table 24: Calcined LGK blended paste Bingham fluid yield stress and viscosity
Paste
ID
PC
A1 B20
A1 T19
A1 T18
A1 T16
A1 T20
F B20
F T19
F T18
F T16
F T20
G B20
G T19
G T18
G T16

Yield
Stress (Pa)
18.7
82.9
79.2
72.6
66.2
77.1
62.8
55.2
46.4
41.7
46.4
54.7
42.4
39.2
34.6

Viscosity
(Pa*s)
0.353
0.746
0.690
0.671
0.613
0.680
0.600
0.546
0.526
0.472
0.506
0.598
0.544
0.495
0.446
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Table 24 (Continued)
Paste
ID
G T20
D1 B20
D1 T19
D1 T18
D1 T16
D1 T20

Yield
Stress (Pa)
42.1
27.6
24.4
23.7
21.7
24

Viscosity
(Pa*s)
0.500
0.465
0.432
0.419
0.387
0.410

A clear increase in fresh paste yield stress and viscosity was observed upon replacement
of PC with calcined clay. This phenomenon is expected as all calcined clays exhibited SSA that
were two orders of magnitude higher than that of PC, resulting in a paste with a greater water
demand. The A1-B20 mixture had the highest viscosity and yield stress among all the binary
mixes, which may be attributed in part to the platy particle morphology (Figure 43) and finer
PSD (Figure 44) of calcined A1 relative to the other calcined clays. While the PSD of calcined
clays F, G, and D1 were nearly identical to one another (Figure 44), clear differences were
observed in their flow properties. Additionally, higher SSA and porosity clay fractions (Table
20) with lower PSD span yield a proportional reduction in paste fluid properties, contradicting
the expected rheological influence of these physical properties [43], [46], [47], [127], [142],
[143], [146], [147]. Thus, the observed trends in calcined clay SSA, porosity, and PSD alone are
insufficient for explaining and modeling the observed rheological behavior. However, the yield
stress and viscosity of the binary pastes were directly proportional to the kaolin content of their
respective LGK (Figure 52) where higher kaolin content too corresponded with a more platy
particle morphology as seen previously via SEM.
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Figure 52: Binary paste yield stress and viscosity with clay kaolin content
The results seen in Figure 52 were expected as the published literature indicates that
higher MK content leads to reduced paste fluid properties [45]–[47], [101], [141], [142]. The
rheological parameters for the binary pastes are dictated by the quantity of kaolin in each
calcined clay, outweighing the expected effects of calcined clay PSD, SSA, and porosity.
The ternary mixtures’ rheological properties were reduced with greater incorporation of
fine aggregate as calcined clay replacement, up to 36% in T16 pastes. It is noted that the T20
mixtures all revealed similar flow performances to those of the T19 and T18 mixtures. Thus,
replacing cement with each clay’s fine aggregate (T20) did not improve flow performance as
significantly as with an equivalent replacement for calcined clay (T16). This was expected since
it was shown that LGK kaolin content dictates flow performance (Figure 52). Following this
idea, any sand added as a replacement for calcined clay dilutes its reactive kaolin content and
should correspondingly improve paste yield stress (Figure 53) and viscosity.
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Figure 53: B20, T19, T18 and T16 yield stress with clay kaolin (D1, G, F, A1 from left to right)
When both binary and ternary paste yield stress and viscosity were examined against
LGK kaolin content, they were nearly linearly proportional. However, a continuous trend was
developed when only comparing pastes with a given clay and aggregate at the chosen
replacement levels or when comparing different clays incorporating equivalent replacement
levels of fine aggregate (Figure 53). Despite the observed improvements in flow performance, an
overall direct linear relationship between LGK kaolin content and all binary and ternary pastes’
yield stress and viscosity was not formed. This limitation is attributed to the inability of kaolin
content to accommodate for the rheological effects of particles present as filler (clay and
aggregate) as was seen previously when assessing pastes’ packing density and colloidal stability.
The rheological effect of filler materials facilitate mixing by breaking down agglomerated
particles and enhancing the lubricating effect of mixing water, improving system packing and
colloidal stability [131], [218]. Additionally, aggregate replacment for calcined clay in the T16
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pastes not only aids in the dispersion of agglomerates during mixing but also dilutes the LGK
kaolin content. This in turn yields pastes with a more stable colloidal suspension. A direct
dependence of all calcined LGK blended pastes’ flow properties on the mixture zeta potential
(Figure 54) and ionic mobility (Figure 55) were observed.

Figure 54: B20 and T16 yield stress and viscosity dependence on zeta potential

Figure 55: B20 and T16 yield stress and viscosity dependence on paste ionic mobility
The relationships developed (Figures 54 and 55) reveal a nearly linear dependence of all
pastes’ yield stress and viscosity with zeta potential and ionic mobility. These results reveal that
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the calcined LGK blended mixtures follow those propositions made by Banfill [129], Hattori and
Izumi [134] as well as Talero et al. [136] who claim cementitious systems’ rheological
performance is dictated by its colloidal stability.
The fine aggregate, which showed the greatest influence in enhancing the blended paste
zeta potential and ionic mobility, was in those containing clay A1. The influence of the fine
aggregate used with the lower kaolin content clays were less influential than those with greater
kaolin content. This exemplifies that the lower purity and more disordered kaolin clays
contribute to rheological performance as fillers more so than reactive colloids, and that mixtures
with a 20% cement replacement are capable of being near or matching the rheological
performance of ordinary cement paste (B20 and T16 pastes including calcined LGK D1). These
results indicate the clay aggregate may be considered for ensuring the rheological suitability of
calcined clays as SCM in concrete without the need for any superplasticizing admixture.
5.3.3.2 Concentric Cylinders Rheometry
5.3.3.2.1 Yield Stress Modelling
Calcined LGK kaolin content and all assessed microstructural properties were insufficient
in describing the differences in rheological performance of binary and ternary mix designs using
the helical ribbon. However, both electro-kinetic properties were shown to capture the
compounded influence of kaolin content and the mixing interactions of particles as filler
materials. Rheological models incorporating zeta potential experiments and theoretical
formulations are expected to be accurate but require unique background knowledge and are not
commonly used in cement testing laboratories. A simpler model is needed that is able to utilize
routinely measured material properties to predict the rheological behavior of calcined LGK
blended cement pastes. In this study, clay kaolin content and a fitted parameter n for each paste’s
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total solids PSD using the Rosin-Rammler model for cementitious materials (Equation 14) were
chosen as material properties for developing a rheological model.
D

n

R DP = 100exp [− (DP ) ]
E

Equation 14

where RDP is the cumulative % oversize of a given set of particles with respect to a specified
diameter noted as DP; DE is defined as the particle diameter whose cumulative oversize is 36.8%
[146], [147], [219]. Although kaolin content was shown to affect calcined LGK blended paste
rheological performance, the bimodal mixing effects of filler particles offset this relationship.
The PSD model was chosen as a means for capturing the rheological influence of filler materials
in both clay and aggregate used in mixtures, where a lower value of n corresponds to a coarser
distribution (Equation 14) [147].
Rotational rheometry experiments using the Reiner-Riwlin procedure with the concentric
cylinders geometry were conducted on the LGK blended binary and ternary Ottowa sand (OS)
mixtures noted in section 5.2.4.3. In this manner, an analytical derivation of paste yield stress
and viscosity from the raw rheometry angular velocity and torque data is employed so that
inaccuracies due to measurement techniques and data interpretation do not lead to biased
conclusions [139], [140]. This technique is not applicable for cementitious systems when using
the helical ribbon because there is no analytical solution to the complex fluid profile realized.
Furthermore, the use of non-conventional rheometry geometries are prone to measurement errors
due to induced hydrodynamic pressures and the intrinsic properties of cementitious systems such
as thixotropy, structural breakdown, particle segregation, yield stress, plug flow, and hydration
reactions [138], [139]. The angular velocity versus torque profiles obtained for the binary and
10OS calcined LGK blended pastes are presented in Figure 56. The data indicate the significant
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and clear differences in flow performance due to LGK with varying kaolin and aggregate
contents and microstructural characteristics.
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Figure 56: Angular velocity-torque profiles for binary and 10OS ternary LGK blended pastes
The angular velocity versus torque profiles for all pastes show that with the addition of
greater kaolin content clays, progressively larger torque is required to cause the system to flow.
Furthermore, the incremental addition of OS progressively reduces the applied torque needed to
sustain system flow when compared to the binary pastes. The angular velocity versus torque
profiles, for all pastes, were used to compute the system yield stress and viscosity properties
following the Reiner-Riwlin procedure. Both rheological properties mimicked trends with mix
material properties as was observed with those pastes previously analyzed and discussed using
the helical ribbon geometry. The computed yield stress of all pastes was use for developing a
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model for predicting the paste yield stress, σ0, having knowledge of the PSD parameter n and
LGK kaolin content, X in wt.% (Equation 15).
σ0 = 136n + 0.78 ∗ X − 215.61

Equation 15

The model was expanded into a 3D plot using JMP statistical software version 14.2
which shows the relationship between yield stress, kaolin content and the n parameter (Figure
57). The model predicted yield stress was compared to the experimental values computed using
the Reiner-Riwlin procedure (Figure 58). The model’s accuracy is deemed great with a
maximum residual yield stress of less than 0.25 Pa.

Figure 57: 3D plot of model’s yield stress dependence on material properties
An analysis of variance (ANOVA) including the F-test, an evaluation of the variance of
input parameters to that of the model residual variance, showed that both clay kaolin content and
n with 95% confidence have F values over four orders of magnitude greater than their critical Fdistribution values. These results reveal that the model developed for the 20 wt.% LGK blended
cements with or without various sizes of particles present as filler is both accurate and precise
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with statistical significance. This is a direct result of employing the concentric cylinders
rheometer geometry and transforming raw data collected into defined Bingham fluid properties
using the Reiner-Riwlin procedure. It is noted that the value of n, according to the RosinRammler model, is limited to fine particles, whose value does not vary far from 1 while the
kaolin content of typical LGK used as SCMs ranges from 30-100 wt.%.

Figure 58: Model and experimental yield stress comparison
5.3.3.2.2 Model Validation
The rheological model developed here is purely dependent on LGK kaolin content and all
solids PSD as individual parameters. This model was validated using 3 independent 20 wt.%
calcined clay PC blends with LGK B, EM, and CCC without separation of their fine aggregate
present, if any. The water to cementitious materials ratio was held constant at 0.5. The selected
LGK vary widely in kaolin content and filler mineralogy (quartz and metal oxides) with various
PSDs post-calcination (Table 25).
LGK CCC was calcined in a rotary cement kiln at a pilot clay calcination plant in South
America while B and EM in a lab furnace. Pastes containing calcined clay B may be considered
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as binary systems, most closely related in mineralogy to the designed B20 pastes. The EM and
CCC pastes may be considered as ternary systems with a significant portion of the LGK being
present as filler materials. In this study, the PSD span and kaolin content of these 3 pastes span
within and outside of that realized in the binary and ternary systems used for the model’s
development.
Table 25: Model validation LGK kaolin and filler contents and particle characteristics
LGK ID
(TCalc.°C)
B (600)
EM (850)
CCC (850)

Kaolin Content
(wt.%)
89
38
50

Filler
(wt.%)
11
62
50

Mean Size
(µm)
62
62
21

PSD Span
2.39
2.76
1.81

The Reiner-Riwlin procedure with concentric cylinders was used for analyzing the
blended paste yield stress, which was compared to the values predicted by the model. Despite the
vast mineralogical heterogeneity and particle characteristics of these three calcined LGK, the
model was successfully validated by predicting all pastes’ yield stress to an accuracy of less than
1 Pa (Table 26).
Table 26: Yield stress model validation
Paste
LGK ID
B
EM
CCC

Predicted
(Pa)
14.8
10.8
9.9

Experimental Model Error
(Pa)
(Pa)
15.6
-0.8
9.9
0.9
9.2
0.7

5.3.3.2.3 Model Limitations and Potential Extensions
In this study, a model was developed to predict the rheological performance of LGK
blended cement mixtures using the following parameters: Type I/II Portland cement, LGK at a
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replacement level 20 wt.%, additions of a standardized fine aggregate, and a constant water to
cementitious material ratio. The model is capable of capturing quantifiable differences in the
yield stress of blended mixtures, attributed to LGK kaolin content and PSD of all solids
including fine aggregate. Calcined clay cement mixtures used in the field are expected to vary
compared to the experiments conducted here, with variation in the cement used, water content,
clay replacement level, PSD of solids, superplasticizing admixtures, and time of placement.
Additionally, the experiments conducted were performed using cementitious paste with fine
aggregate where-as in the field, mortar and concrete designs are employed. Further development
of the proposed model to incorporate more fine and coarse aggregates such as that used in mortar
and concrete would require manipulation of the Rosin-Rammler PSD model or use of another
model that allows for particles of such size. Importantly, rheological analysis of cementitious
systems using concentric cylinders and the Reiner-Riwlin procedure may be scaled up for
application in larger concrete and mortar rheometers since their behavior is intimately connected
[128]. Although, the comprehensive review by Brower et al. [220] in addition to others reveal the
flow mechanisms become significantly more complex [139].
Despite all the fore-mentioned limitations, comprehensive and robust model extensions
may be made to account for expected differences in calcined LGK blended systems’ mixture
designs other than those addressed in this study. Overall, the model developed (Equation 15)
offers clear insight into the expected yield stress of any given 20 wt.% calcined LGK-PC cement
paste using clay with or without substantial quantities or additions of inert filler materials. In this
manner, it may be decided how a given LGK’s clay and auxiliary minerals should be processed,
whether ground or separated, and how much of a particularly sized aggregate and plasticizing
admixture may be required to ensure the calcined LGK blended cement has the desired flow
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properties. In turn, models such as those reported in this study alleviate the concern of the
unanticipated negative rheological influences caused by calcined LGK with vast mineralogical
heterogeneity and microstructural characteristics.
5.4 Conclusions
The flow performance properties such as yield stress, viscosity, packing density, zeta
potential and ionic mobility of pastes incorporating calcined kaolins were found to be mostly
influenced by their kaolin content rather than by their microstructural characteristics. Most
significantly, this study revealed that the zeta potential and ionic mobility of calcined LGK
blended pastes unanimously describes rheological performance accounting for the effects of both
kaolin content and physical bimodal interactions of clay and fine aggregate particles (filler
materials). These insights, in addition to the use of the Reiner-Riwlin procedure, led to the
development of a precise and accurate linear yield stress model based on the PSD of all solids
and LGK kaolin content. This model provides a pathway for assessing the rheological
implications in using mineralogically heterogeneous LGK, excavated from different mines, so
that material processing and mix design decisions may be made for ensuring adequate flow
performance.
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Chapter 6: Conclusions and Recommendations for Future Work

After undertaking this research through conducting experimental, theoretical and data
analysis, many conclusions are made. Clay samples were obtained from 20 potential clay mines
identified in the state of Florida. After preliminary characterization with XRD, 10 clays were
selected with interest to perform a more detailed characterization involving mineral
quantification and assessment of structural disorder. All samples possessed significant quantities
of fine aggregate and were wet-sieved on the 45-μm sieve to separate the predominantly clay
material passing through from the predominantly sand material that is retained. ASTM C618 [86]
limits the amount retained on the sieve (greater than 45 μm) to a maximum of 34%. The amount
retained ranged from approximately 65 to 90%, indicating that these materials must be
beneficially processed before they can comply with ASTM C618. Future mixtures containing
these clays may incorporate the natural aggregate to supplement mix design aggregates to reduce
the amount of needed material, lower transportation costs and optimize rheological performance.
The clay fractions finer than 45 μm met the ASTM C618 [86] chemical oxide
composition requirements: minimum of 70.0% for SiO2+Al2O3+Fe2O3 and SO3 content of less
than 4%. After characterizing the mineralogy of the sampled clays in great detail, it is
determined that Florida possesses a number of moderately high kaolin content (70-90 mass %)
raw clay sources that appear to be suitable for the production of pozzolanic materials through
calcination.
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Although there was no good agreement between kaolin crystallinity indices based on
FTIR and XRD, it was concluded using the multi-technique characterization that kaolin present
in most of the clays was partially ordered or disordered, which is expected to translate to good
reactivity of these materials upon calcination. The use of a combination of kaolinite, nacrite and
dickite crystal structures and refining the iron substitution parameter provided a good fit of the
collected XRD diffractograms regardless of the degree of disorder. The accuracy in quantifying
clay mineralogy using the characterization procedure proposed here ensures adequate analysis
and comparisons are made between sample material properties and cementitious system
performance. However, accounting for structural disorder during clay mineral quantification is
almost never employed in the published literature making their mineralogical analysis semiquantitative at best.
Comparison of the kaolin content obtained from Rietveld refinement to that obtained
from TGA showed that both techniques provided similar results, which validates the proposed
approach used for Rietveld quantification of disordered kaolins with the combination of
polymorph stacking faults and isomorphic substitution of aluminum in kaolin by iron.
Stoichiometric calculation of kaolin content using the alumina contents determined from
XRF analysis also provided results comparable to XRD and TGA for all the clays, except for one
sample where a large overestimation of kaolin content was observed. This was attributed to the
presence of amorphous aluminosilicates. Therefore, stoichiometric quantification of kaolin based
on chemical oxide analysis should be used with caution.
A detailed incremental temperature study performed for clay A1 showed that complete
dehydroxylation of the clay samples occurs at 600˚C. All Florida clays of interest were calcined
at 600 and 800˚C and their amorphous content were quantified using Rietveld refinement. No
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change in amorphous content was detected on heating above 600˚C, confirming that all the clays
were completely dehydroxylated at this temperature. Future research on proposing optimized
calcination temperatures for a given LGK, based on its mineralogy and pozzolanic reactivity, is
recommended for maximizing system performance.
Pozzolanic activity of the Florida clays post calcination (600˚C) was evaluated by mortar
compressive strength testing at 7 and 28 days. The results showed that the tested clays may be
used as calcined pozzolanic materials to replace portland cement in concrete. The strength
indices met the requirements of ASTM C618 [86] at a 10% replacement level. Although,
strength gain was overwhelmingly dependent on clay kaolin content, greater porosity and degree
of disorder was observed in the lower kaolin content clays. It is expected that higher porosity
reduces the strength development while a higher degree of disorder enhances the strength
development. Nonetheless, the obtained clays are considered suitable for use in concrete as Class
N natural pozzolans. Furthermore, all calcined clay mortars yielded similar compressive
strengths to that achieved with 10% Class F fly ash as a cement replacement, indicating their
potential as a possible SCM replacement for fly ash. Although the structural performance of
these calcined clay systems is deemed adequate for use in the field, future research entailing the
durability and cracking potential of these systems will ensure long term satisfactory
performance.
The physical and mineralogical effects of naturally impure LGK on blended system
rheology have not been addressed until the research presented here was conducted. The influence
of calcined LGK on blended cementitious system rheology was expected to be similar to that of
MK, but clay mineralogy and structural disorder including isomorphic substitutions varies
widely from that found in resources used for MK, even within a single mine. This heterogeneity
124

influences clay morphology and Lewis basic activity, which in turn is influential on system
rheology.
The flow performance properties such as yield stress, viscosity, packing density, zeta
potential and ionic mobility of pastes incorporating calcined kaolins were found to be influenced
by their kaolin content rather than by their microstructural characteristics. Most significantly, this
study revealed that the zeta potential and ionic mobility of calcined LGK blended pastes
unanimously describe rheological performance accounting for the effects of both kaolin content
and physical bimodal interactions of clay and fine aggregate particles as filler materials. These
insights, in addition to the use of the Reiner-Riwlin procedure, led to the development of a
precise and accurate linear yield stress model based on the PSD of all solids and LGK kaolin
content. The model developed here offers clear insight into the expected yield stress of any given
20 wt.% calcined LGK-PC paste using variations in LGK kaolin content as low as 38 wt.% with
or without substantial quantities or additions of inert filler materials. This model provides a
pathway for assessing the rheological implications in using mineralogically heterogeneous LGK
so that materials processing and mix design decisions may be made to ensure adequate flow
performance.
Calcined clay blended cement materials used in the field are expected to vary from those
used to develop the rheological model. Future work expanding the capability of rheological
models to incorporate different cement types, mixture water contents, clay replacement levels,
coarse/fine aggregates, and chemical admixtures such as superplasticizer are recommended for
more realistic structural applications. Furthermore, rheological modeling should be coupled with
both strength and durability models so that the overall performance of a given mix design is
known prior to field implementation. Rheological analysis of calcined LGK blended paste, using
125

the concentric cylinders and the Reiner-Riwlin procedure, may be scaled up to include mortar
and concrete, as the behavior of these systems is intimately connected with that of their paste
[128].
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